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1Chapter 1
General introduction
1.1 Definition of the problem
The ability to walk and thus being able to change position within the environment is
a normal daily activity for most people. One does not consciously need to think how
the legs should be moved or how the walking pattern should be adapted to the
environmental requirements. However, this might occur as soon as the normal
walking function becomes impaired (e.g. during rehabilitation) or when adaptive
locomotor performance should be raised to fulfill higher demands (e.g. in sports).
When searching for literature, which deals with the question how an adaptive
locomotor task is acquired, only a limited number of studies are found. This might
be explained by several factors. First, it is difficult to assess information about the
neural control of locomotion, and it is even more difficult to assess how these
movements are acquired or modified. Orlovski et al. (1999) already stated that ‘…
the locomotor activity in humans has been studied much more thoroughly than its
neural control and in this matter we have to rely mainly on extrapolations from
simpler animal models’. This is largely due to the fact that mainly indirect methods
can be used to investigate the neuronal control of locomotion in humans.
Performance production measures, such as muscle activity or kinematics, can be
regarded as the output of the central nervous system (CNS) to achieve the required
movement. However, such measures reflect the (inter-) action between central
programs and afferent inputs from various sources and can be separated only to a
limited degree (Dietz 1997). Second, due to new neuro-imaging techniques, motor
learning research has strongly shifted towards its main neuro-anatomical correlate:
the brain. Since most neuro-imaging techniques can investigate the activation of
involved brain areas only when the subject is in sitting or supine position, imaging
studies that investigate locomotor learning have rarely been performed. The
following paragraphs provide an overview of the present status of research involving
the control of locomotion and motor learning. 
1.2 Motor control of  locomotion
Motor control emerges from a complex set of processes that include perception,
cognition and action. Gait is suggested to be controlled hierarchically (Fig. 1.1).
This means that higher levels of the brain are concerned with issues of abstraction of
2information, while lower levels of processing carry out the detailed monitoring and
regulation of the response execution (Shumway-Cook and Woollacott 2001).
However, parallel distributed processing, where the same signal is being processed
in many different brain structures simultaneously for different purposes, occurs as
well. 
In non-mammalian vertebrates and quadrupedal mammals like cats and rats, the
isolated spinal cord can generate spontaneous locomotor bursts in the complete
absence of peripheral feedback (Grillner 1981; Lundberg 1975; for reviews see
Burke et al. 2001; Capaday 2002; Dietz 1997, 2003). This spinal generator or
Central Pattern Generator (CPG) was suggested to be influenced by peripheral
feedback mechanisms (Grillner 1981), which could modify the spinal locomotor
Figure 1.1 Abstract model of the nervous system (adapted with permission from Shumway-Cook A,
Woollacott MH. Motor control: theory and practical applications. 2nd ed. Baltimore: Lippincott Williams
& Wilkins; 2001: p. 54)
The spinal cord is at the bottom of the hierarchy. The brainstem receives input from the cerebellum and
motor cortex and has motor pathways to the spinal cord. The cerebellum receives input from the spinal
cord, giving it feedback about movements, and from the cerebral cortex (grey), giving it information
about the planning of movements. It has outputs to the brainstem. The thalamus processes most of the
information coming to the cortex from parallel input pathways from the spinal cord, cerebellum and
brainstem (ascending pathways). The basal ganglia receive input from the cerebral cortex and send their
output back to the motor cortex via the thalamus. The cerebral cortex is considered the highest level of
motor control hierarchy. The premotor areas send outputs mainly to the motor cortex, which sends it
commands on to the spinal cord and brainstem via the cortico-spinal and cortico-bulbar system
(descending pathways).
3pattern according to the external demands (Duysens and Pearson 1976; Forssberg et
al. 1977; for review see Grillner 1981; Dietz 1997). Indeed, evidence indicates that
the human spinal cord with intact sensory inputs is capable of generating rhythmic
motor bursts (Dietz 1995; Duysens and Van de Crommert 1998; Van de Crommert
et al. 1998; Wernig and Muller 1992). Peripheral feedback can originate from
peripheral reflexes and other sources such as the proprioceptive system. Indeed,
proprioceptive feedback from muscle afferents (Ia fibres from muscle spindles and
Ib fibres from Golgi tendon organs) appears to be crucial in regulating the basic
locomotor pattern (for review see Dietz 2002). Furthermore, mechanosensors of
joint capsules might influence the locomotor pattern, while mechanosensors in the
skin might cause adaptations to actual ground conditions (Dietz 2002).
Recent findings in non-human vertebrates suggest that some basic requirements for
motor control (the transformations that map information from sensory to motor
coordinates, the specification of individual muscle activations to achieve a kinematic
goal and the control of multiple degrees of freedom) are already partly controlled at
the level of the spinal cord (for review see Poppele and Bosco 2003). Both the CPG
and reflex mechanisms are controlled by the brainstem (Jankowska and Lundberg
1981; for review see Dietz 2002) and supraspinal motor centers, like the cerebellum
(Armstrong 1988; Arshavsky and Orlovsky 1986). Indeed, only recently it was
shown in humans that the dorsal part of the brainstem and the cerebellum become
activated during locomotion (Hanakawa et al. 1999a). The cerebellum fine-tunes the
movements according to the needs of the task (Grillner and Zangger 1979) and may
modulate the step cycle to alter step patterns (Keele and Irvy 1990). Finally, the
frontal cortex and basal ganglia are expected to play a role in controlling gait during
a rapid change in environmental conditions (Armstrong 1988; Nutt et al. 1993; Patla
1997). While previous findings already showed that there is phase-linked
corticospinal control (Schubert et al. 1997), recent findings suggest that walking is
controlled in the medial portion of the primary sensorimotor cortices and the
supplementary motor areas bilaterally (Miyai et al. 2001). Other studies also found
bilateral activation in the lateral premotor cortices during treadmill walking
(Fukuyama et al. 1997; Hanakawa et al. 1999a,b) and activation of the visual cortex
(Fukuyama et al. 1997).
Activation of the visual cortex suggests that vision plays an important role in
controlling locomotion. Indeed, vision can be used in a feedforward manner for
anticipatory actions, such as adapting the limb’s trajectory to the environmental
demands (Patla 1997). In primates, the visual signal passes the primary visual
cortical areas, followed by the parietal and temporal cortex. After passing the
premotor cortex, which projects directly to the motor cortex and the spinal cord, it
finally reaches the primary motor cortex (Drew 1991). In the premotor cortex, a
4convergence of visual, tactile and proprioceptive information on the same neurons
occurs. The brain thus encodes the relative limb position at this site (Graziano
1999). However, it is the primary motor cortex itself that has been held responsible
for visually driven anticipatory gait modifications (Drew et al. 1996, Patla 1997,
Schubert et al. 1999). 
1.3 Upper and lower limb control
Most knowledge about motor control and especially about motor learning is derived
from upper limb tasks. Transferring knowledge obtained from upper limb tasks to
lower extremity tasks might be limited due to differences in their function and
control. While the lower limb’s main functions are support and locomotion (largely
controlled at the spinal and brainstem level), the upper limb’s function is the
manipulation of objects (mainly cortically controlled). The larger neural
representation of the upper limb in the sensorimotor cortex might indicate a stronger
cortical control of the upper extremity compared to the lower extremity. 
Such small differences in upper and lower limb control might result in differences in
performing and acquiring an upper or lower extremity motor skill. Indeed, some
contradicting findings between upper and lower extremity tasks have been found.
For example, while an upper extremity task could be transferred to the contralateral
side (Hicks et al. 1982), some lower extremity tasks could not (Anstis 1995; Prokop
et al. 1995). This finding was explained as that ‘adaptational and learning processes
during locomotion might be controlled on a spinal level’ (Prokop et al. 1995). 
1.4 Motor learning
1.4.1 Defining motor learning
‘Motor learning’ is difficult to describe in a precise way, since it can not be observed
directly. Magill (1998, p. 129) describes motor learning as ‘a change in the
capability of a person to perform a skill that must be inferred from a relative
permanent improvement in performance as a result of practice or experience’. It is
also described as ‘the search for a task solution’ (Shumway-Cook and Woollacott
2001). This implies that it is a process directed on achieving a goal. Four behavioral
characteristics are associated with learning: (1) an improvement in motor
performance, (2) an increase in consistency, (3) as the skill becomes better learned,
the performance becomes more persistent, and (4) the improved performance is
adaptable to a variety of context characteristics (Magill 1998, pp. 129, 130). 
5There are four basic rules for motor learning (Mulder and Hochstenbach 2001).
First, sensory input is a sine qua non for learning. Neuronal reorganization and thus
learning can not occur without information about the result of the actions. Second,
the input must be variable, since invariable input leads to an inflexible skill. When
repeated movements produce identical inputs, the CNS is not able to distract general
rules from it. The CNS will ‘learn’ only that specific movement in that particular
context, and is hardly able to transfer it to other conditions. Neither will completely
random input be able to allow the extraction of general rules leading to adequate
learning. Third, if input is less meaningful to the subject, only minimal learning will
occur. Fourth, the learned task will be better transferred to a new condition, if the
learning and new condition share more similarities (Mulder and Hochstenbach
2001).
Motor learning is also defined as a ‘higher level learning process requiring
awareness, attention and decision making’ (Smiley-Oyen et al. 2003). This implies
that there are also lower level automatic adaptation processes, such as those
involved in prism adaptation. However, learning a motor task might also occur
without attention or conscious thought. Skills constitute of two distinct categories of
memory: declarative memory (‘what’) and procedural knowledge (‘how to’).
Declarative learning results in knowledge that can be consciously recalled and
requires awareness, attention and reflection. In procedural learning one
automatically learns the movement itself or the rules for moving (movement
schema). An important difference between declarative and procedural learning is the
time course of learning. While declarative learning can be very fast (Squire 1986),
procedural learning is slow and requires many repetitions. It is expected that skilled
motor performance is acquired in several phases (Karni et al. 1998). Initially, fast
declarative learning occurs with within-session improvements. This is followed by a
period of consolidation, which might last for several hours (Brashers-Krug et al.
1996; Muellbacher et al. 2002; Shadmehr and Holcomb 1997). Finally, slow
procedural learning takes place, which consists of delayed incremental gains in
motor performance that emerges after continued practice (Karni et al. 1998). The
hypothesis is that while fast learning processes select and establish an optimal
routine or plan for the performance of the task, slow learning processes may reflect
the ongoing long-term, perhaps structural, modifications of basic motor modules
(Karni et al. 1998). 
1.4.2 Neuro-anatomical correlates involved in locomotor learning
Many neural structures in the brain, such as the basal ganglia (BG), cerebellum
(CB), (pre-) supplementary motor area and (pre-)motor cortex are involved in motor
learning (e.g. Agostino et al. 1996; Brashers-Krug et al. 1996; Halsband and Freund
1993; Hikosaka et al. 2002; Imamizu et al. 2000; Ito 1993; Jueptner et al. 1997a,
61997b; Karni et al. 1998; Muellbacher et al. 1997; Pearson 2000; Sanes and
Donoghue 2000; Schultz et al. 2003; Shadmehr and Holcomb 1997; Thompson and
Kim 1996). Although derived from upper extremity studies, it can be well expected
that all these structures play also an important role in locomotor learning. For
example, in a recent study by Miyai et al. (2002), brain activation was investigated
in patients with stroke relearning to walk. In addition to the areas that were activated
during normal treadmill walking (Miyai et al. 2001), the premotor cortex and the
presupplementary motor area, which are known to play important roles in motor
learning, showed increased activation. 
An important finding is that learning evolves parallel to changes in synaptic
connections in the CNS. While initial changes cause increased efficiency of neural
synapses, persisting changes are expected to cause structural changes, which
underlie long-term modification of behavior (Shumway-Cook and Woollacott 2001).
This plasticity appears to occur throughout the CNS. Strikingly, in most models,
structures caudally from the cerebellum and basal ganglia have not been mentioned
when trying to explain the nature and mechanisms of motor skill learning. This is
remarkable, since the plasticity of the spinal cord has been suggested to play an
important role in the acquisition and the maintenance of skilled behaviors (e.g.
Edgerton et al. 2001; Hodgson et al, 1994; Wolpaw and Carp 1993; Wolpaw and
Tennissen 2001). In adults, spinal reflexes correlate with the nature, intensity and
duration of motor training (Casabona et al. 1990; Nielsen et al. 1993). Furthermore,
laboratory findings in the monkey indicate that reflexes are able to be trained to
correct for brief perturbations during smooth flexion and extension movements at
the elbow (Meyer-Lohmann et al. 1986). Activity-dependent changes in spinal cord
function is also suggested as an important mechanism, since aging, space flights and
specialized training paradigms also result in reflex changes in humans (for review
see Wolpaw and Tennissen 2001). Other findings, indicating that plasticity occurs in
the spinal cord, are derived from spinalized cats and humans with a complete spinal
cord injury. Spinalized cats that were trained for walking on the treadmill walked
better on a treadmill than untrained cats (De Leon et al. 1998a). Improved
locomotion persisted when training stopped and showed a first significant loss after
3 months (De Leon et al. 1999). Spinal plasticity appeared to be task-related, since
spinalized cats could be trained to walk or stand (De Leon et al. 1998b), but cats that
had learned to walk did not improve in standing and vice versa. Although patients
with a complete spinal cord injury do not regain locomotor function after treadmill
training, spinal plasticity underlies the finding that muscle activity becomes
gradually modulated due to repetitive treadmill training (Dietz et al. 1994, 1995).
71.5 Description of experiments
This thesis is based on one of the first motor learning experiments, which evaluates
changes in the acquisition and performance of a task that involves the lower
extremity (Erni and Dietz 2001). The functional task consists of repetitively stepping
as low as possible over an obstacle, without touching it (Fig. 1.2). 
The main goals were to investigate (1) the underlying mechanisms involved in
learning to adapt locomotion, and (2) the influence of factors like age or disease on
this process. Both should result in recommendations for rehabilitation or sports. For
these purposes, changes in performance production measures such as muscle activity
or joint kinematics were investigated, but also changes in performance outcome
measures such as task-accuracy (foot clearance) or the number of unsuccessful
attempts (obstacle hits).
Figure 1.2 Experimental set-up
(A) Schematic drawing and (B) picture of a subject walking with restricted vision on the treadmill and
stepping over the obstacle. Right heel strike was recorded using force sensors located under the treadmill
and started the obstacle. At mid-stance, an acoustic warning signal indicated the approaching obstacle.
Opposite of the obstacle machine, a light source was placed. When the leading foot stepped over the
obstacle, its shade activated light sensitive diodes of which the lowest was recorded. It provided also an
acoustic feedback signal that informed the subject about foot clearance.  
The first main goal was to investigate the underlying mechanisms involved in
learning to adapt locomotion. Observing how subjects acquire and perform a task
might give insight in how such movements are controlled. In previous paragraphs
8we already discussed the differences observed in the possibility to transfer
adaptations in the control of upper and lower extremity movements to the contra-
lateral side (paragraph 1.3) and we wondered whether the obstacle avoidance task
could be transferred from one leg to the other. We addressed this question in chapter
2 and found indeed that the task could be transferred to the other leg to a large
extent. While chapter 2 focuses more on the underlying mechanisms involved in
learning to adapt locomotion, chapter 3 builds up on chapter 2, but has a more
clinically oriented background. Since adaptation to the obstacle avoidance task can
be transferred from one leg to the other, we describe in chapter 3 how the
performance of the task becomes influenced when biomechanical constraints are
applied at the contra-lateral leg. We wondered whether fixation of the left ankle
joint, the knee joint, or both, increasingly affects the performance of the just
acquired locomotor task, performed with the right leg. We found that fixation of the
joints negatively affects the contra-lateral locomotor task performance and advise
therefore that patients should be monitored carefully, when they start (or stop)
wearing orthoses. In addition, patients might be trained in walking with the orthoses
previously to their operation, reducing the need for relearning. 
Another way of investigating motor learning and movement control is to combine
the observation of task performance with the direct measurement of neural control
mechanisms such as reflexes. As described in paragraph 1.4.2, motor learning is
expected to occur throughout the whole CNS, but has seldomly been investigated in
more caudally located structures like the spinal cord. Chapter 4 therefore, describes
the experiments that were performed to investigate whether the soleus H-reflex
becomes modulated during the acquisition of repetitive stepping over the obstacle. 
The second main goal was to determine the influence of factors like age or disease
on locomotor control and learning. Therefore, in chapters 5 and 6, we describe the
experiments that were performed to investigate the influence of age and disease on
the acquisition of and the performance in the obstacle avoidance task. In chapter 5,
we investigated the influence of age, since especially the elderly are vulnerable for
gait impairing disorders. We assessed differences in the acquisition and performance
of the obstacle avoidance task between young and elderly healthy subjects. This
should lead to an increased knowledge about locomotor task performance and
learning in the elderly, which could be important in optimizing rehabilitation
strategies. The most remarkable finding was that the elderly, in contrast to the young
subjects, were unable to improve their performance when vision became restricted.
We concluded therefore that vision is a prerequisite for the elderly to improve
locomotor task performance, which might be caused by an impairment in their
proprioceptive system. We advise that in the elderly, therapeutic attention should be
directed towards optimizing the use of the remaining proprioceptive inputs. The
objective of the final chapter 6 was to determine the recovery level of functional gait
9in subjects who recovered well from an incomplete spinal cord injury (SCI). The
SCI subjects and healthy controls were tested on their normal gait performance, their
dependency on vision during normal walking and the acquisition and performance
of the obstacle avoidance task, also performed with full and restricted vision. These
experiments allowed us to determine the recovery stage of the SCI subjects, but also
to identify easy to obtain measures that could predict more complex locomotor task
performance. We found that the well recovered SCI subjects walked with a longer
double support duration, which is an indicator for minor balance impairments. Only
at a very difficult task level, i.e. performing the obstacle avoidance task with
restricted vision, they hit the obstacle more frequently. We advise that well
recovered SCI subjects should also be trained in conditions with restricted vision
and that the measure double support duration might be important to determine minor
locomotor deficits. 
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Chapter 2
Transfer of motor skill from one leg to the other*
2.1 Introduction
Complex skilled movements require different but finely tuned and coordinated
muscle activation patterns on both sides of the body. The scope of highly trained
functional movements might be expanded if motor skills could be transferred to the
contra-lateral side, i.e. the 'mirror' condition. It has been shown that a bilateral
transfer of training effects occurs for mirror-image movements after intensive
training of the original, unilateral movement (Hicks et al. 1982). Also the transfer
between the bilateral (e.g. the two arms or the two legs), ipsi-lateral (e.g. arm and
leg on the same side) and diagonal limbs has been examined (Hicks et al. 1983). It
became obvious that the amount of bilateral transfer was greater than the ipsi-lateral
or diagonal transfer. These findings are in line with the observation that during
learning a unilateral tapping task, this task could be transferred to the other hand
(Hicks et al. 1982). It could be shown that the amount of ipsi-lateral training
corresponded to the performance of the contra-lateral hand. This effect, however,
did not occur if the second hand was engaged in unrelated activities during the
training of the first hand. 
Nevertheless, no transfer of adaptational changes in spatio-temporal and EMG
parameters from the fast to the slow walking leg and vice versa was found when
subjects walked with two different speeds on a split-belt treadmill (Prokop et al.
1995). Furthermore, no transfer of adaptational effects to the contra-lateral side was
observed following unilateral hopping on a treadmill (Anstis 1995). In both studies,
it was assumed that adaptation takes place at a spinal level. 
A more complex task requiring a finely tuned coordination between the two legs is
represented by the stepping over an obstacle (Patla and Prentice 1995; Chou et al.
2001). In a recent study (Erni and Dietz 2001) the influence of specific afferent
information during motor learning in such a complex task was investigated. It has
been shown that adaptation to a new locomotor skill occurs during repetitive
stepping over an obstacle. A transfer of the newly learned locomotor pattern to
different stimulus conditions was found to depend on the sequence of the stimuli.
The question emerged as to whether the locomotor skill learned during repetitive
                                                
*From: Van Hedel HJ, Biedermann M, Erni T, Dietz V. (2002) Obstacle avoidance during human
walking: transfer of motor skill from one leg to the other. Journal of Physiology. 543:709-17. 
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stepping over an obstacle, can also be transferred to the situation where the contra-
lateral leg is leading in the step over the obstacle, i.e. the mirror condition. 
The aim of this study was to gain a better understanding of the neuronal mechanisms
underlying adaptation and learning in automatically performed movements such as
locomotion. Therefore it was evaluated: (1) whether a transfer of a newly learned
complex locomotor movement pattern to the mirror condition occurs; and (2)
whether there is a side-specific difference between the right and the left leg. 
2.2 Methods
2.2.1 Subjects
Twelve healthy subjects (mean age 29.9, range 24-37 years, eight males and four
females; 165 to 180 cm in height) participated in the study that conformed to
standards set by the Declaration of Helsinki. The local Ethical Committee approved
the study. The subjects were informed about the experiments and gave written
informed consent. The subjects had no specific training with the legs and had no
experience with treadmill walking. 
2.2.2 Experimental set-up 
The general recording techniques and the data analysis have been described in detail
previously (Dietz et al. 1995; Erni and Colombo 1998). In short, a custom-built
'obstacle-machine' was placed next to the treadmill in order to study repetitive
stepping over an obstacle. The obstacle consisted of a foamed stick located 11 cm
over the belt. It was attached to the machine in such a way that it folded back when
the subject touched it. After release, the obstacle moved with the same speed as the
treadmill (Fig. 2.1). At the end of the treadmill the obstacle folded up and moved
back into its starting position. 
A vertical linear array of eight light-sensitive diodes was attached to the obstacle
machine next to the foamed stick (distance between the lower six diodes 2 cm and 3
cm for the upper two diodes), indicating the level of clearance of the subject's foot
over the obstacle. The signal of the lowest activated diode was recorded for each
step over the obstacle. The subject received an acoustic feedback about foot
clearance over the obstacle according to the activated diode. The feedback signal
consisted of either a double beep (707 Hz and 1400 Hz sinusoidal signal of 600 ms
duration) for the lowest diode (optimal clearance) or a single beep (125, 176, 250,
354, 500, 707 and 1000 Hz rectangle signal of 400 ms duration) for the seven diodes
from the second lowest to the highest diode, respectively. 
13
Figure 2.1. Experimental set-up 
(A) Subject stepping over the obstacle with the right leg and the left leg, respectively, leading. (B)
Schematic drawing of the timing of all events during one step over the obstacle. (C) Table of the
sequence of conditions with leading right or left leg. Abbreviations, TO1, toe off before onset swing
over obstacle; HS, heel strike; TO2, toe off at end stance after obstacle; ACU, acoustic stimulus.
The signal from force plates located underneath the two treadmill belts, which
indicated heel strike (HS) of the leading leg (e.g. onset of the stance phase of the
right or left leg) was used as a trigger to release the obstacle randomly. The time
period between foot fall and the start of the obstacle was chosen in such a way that
the leading leg always had to move over the obstacle during the following swing
phase without disturbing the rhythmic stepping movements. A possible obstacle hit
did not cause a perturbation, but was perceived just as a contact with the stick. 
A metal bar positioned over the parallel bars on either side of the treadmill
controlled the anterior-posterior position of the subject on the treadmill. Earphones
14
prevented subjects receiving any acoustic information about the moving treadmill or
the obstacle machine. Before the experiment started, the volunteers became
familiarized with the approach. The subjects performed about four steps over the
obstacle with full vision and both an acoustic warning signal and acoustic feedback
were provided to enable subjects to become familiarized to the experimental set-up.
They were instructed for all three runs to move their leading foot (without shoes) as
low as possible over the obstacle, without touching it. The speed of the treadmill
was 2.5 km h-1. 
Special glasses prevented visual information from the lower visual field, i.e. the
treadmill, the obstacle and the legs. The release of the obstacle was indicated by an
acoustic signal (2 kHz sinusoidal signal of 100 ms duration), just before the end of
the stance phase of the leading leg (at 33 % of the subject's step cycle). The time
interval between two steps over the obstacle was randomly varied between 9 s and
16 s, corresponding to 6-11 normal steps. 
2.2.3 Recording protocol 
The experiment consisted of three successive runs. Each run contained 100 steps
over the obstacle. The three runs were interrupted by a break of five minutes. During
the first two runs, the subject performed repetitive steps over the obstacle with the
same leg leading. In the third run, the subject's leading leg became the trailing one
and vice versa. This was called the 'mirror condition'. Before the first run, the
subjects became accommodated to treadmill walking with vision and without the
obstacle. 
2.2.4 Assessment of side-specific effects 
The twelve subjects were randomly divided into two equal sized groups. The first
group (RL) performed the condition right (R)-left (L): During the first two runs
these subjects stepped over the obstacle with the right leg leading (Fig. 2.1). During
the third run, the left leg was the leading one. The second group (LR) started with
the condition left (L)-right (R), i.e. during the first two runs the left and during the
third run the right leg was leading. 
2.2.5 Recordings of leg muscle EMG and joint movements 
EMG recordings were made using surface electrodes from the rectus femoris (RF),
biceps femoris (BF), tibialis anterior (TA) and medial gastrocnemius (GM) muscles
of the leading leg. Ankle (AN) and knee (KN) joint movements of the leading leg
were monitored using mechanical goniometers (Biometrics Ltd, Cwmfelinfach,
Gwent, UK) fixed at the lateral aspect of each joint. EMG wires and goniometers did
not interfere with gait. 
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2.2.6 Data analysis 
The general recording technique and the data analysis have been described in detail
previously (Dietz et al. 1995; Erni and Colombo, 1998). Briefly, the EMG signals
were amplified, bandpass filtered (30-300 Hz) and transferred together with the
biomechanical signals to a PC microcomputer system via an analog-to-digital
converter. All signals were sampled at 1000 Hz. The EMG signals were rectified.
The force signal of the leading leg indicating toe off, i.e. before onset of the swing
over the obstacle (TO1), was used to trigger EMG and biomechanical signals (Fig.
2.1). The impact of the leading heel after the obstacle (heel strike, HS) and the toe
off after the following stance phase (TO2) was determined. For the evaluation of
changes in leg muscle EMG activity from the first to the last step over the obstacle
within a run, the root mean square (RMS) was determined for an interval between
first toe off (TO1) and second toe off (TO2) (see Fig. 2.2). This interval was
determined for each step cycle separately using the signals recorded from the force
plates located underneath the treadmill belts. The difference between maximal joint
flexion and extension was determined for knee and ankle joints for each step over
the obstacle for the interval between toe off (TO1) and heel strike (HS). 
Three changes in performance have been analyzed. With the first one, 'adaptation',
the change in performance has been assessed within an individual trial. The amount
of adaptation was reflected in a correlation coefficient (CC). For each subject all
data of each signal were normalized to its mean in every run. All measures were
logarithmically transformed. For every run and every subject, Pearson's correlation
coefficient r was calculated between the number of steps over the obstacle and the
measures using the normalized and transformed data. Mean CCs were calculated
using Fisher's Z-transformation for grouping the four muscles (all muscles). This
was done to provide an overview of leg muscle EMG activity. Further, mean CC
was calculated for each measure for all subjects. 
With the second change in performance, called 'training effect', changes between
trials with identical conditions have been assessed, i.e. between the first and second
run. A training effect occurred if the CC was significantly smaller in the second run
than in the first one. 
With the third change in performance, the 'transfer' between two different conditions
has been assessed, i.e. the change between the second run and the third run, where
the leading leg became the trailing one, and vice versa. A transfer to this 'mirror
condition' occurred if the CC of the third run was significantly smaller compared to
the CC of the first run and if the CC did not differ between the third and the second
runs. 
The significance of the training effect of the learned movement from the first to the
second run (same leg) as well as the transfer from the first and the second run to the
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third run (contralateral leg) was assessed using a repeated measure analysis of
variance with Bonferroni correction. The covariance structure of the model used was
selected using Akaike's Information Criterion and Schwarz's Bayesian Criterion. 
2.3 Results
None of the subjects included in this study had any problems with performing the
required locomotion task. Therefore, obstacle hits were rare (maximal 1-2 hits in one
subject within one run, i.e. 100 steps over the obstacle). All first trial effects were
included in the analysis, except artifacts and obstacle hits. 
2.3.1 Adaptational changes, training effect and transfer of the EMG data 
Figure 2.2 shows a representative individual example of the adaptational effect
occurring in the RF muscle activity when a subject stepped repetitively over the
obstacle during three successive runs. During the first and second runs the right leg
was leading and during the third run, i.e. the mirror condition, the left leg was
leading. During the first run, the RF EMG decreased with a linear CC of r = -0.51 in
a log-log co-ordinate system while in the second run, the RF EMG decrease was less
pronounced (r = -0.22). In the mirror condition (third run) again small adaptational
changes took place (r = -0.12). 
When the CCs were averaged for all subjects, strong adaptational effects were seen
during the first run for the muscle EMG activity with a mean CC of r = -0.37 for all
muscles (Table 2.1). During the second run adaptation was significantly (P < 0.01;
Fig. 2.4) less pronounced (mean r = -0.18). During the third run, the mirror
condition, the adaptational changes were also low (mean r = -0.21). The difference
between the CCs of run one and of run three was significant (P < 0.01; Fig. 2.4),
while there was no significant difference (P > 0.05) between runs two and three.
Both training effect and transfer had occurred. 
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Figure 2.2 Adaptational changes of EMG activity during three successive runs
Rectus femoris (RF) EMG activity of one subject during steps over the obstacle during three successive
runs: (A) Right leg leading; (B) Right leg leading; (C) Left leg leading. (a) Course of RF EMG
calculated for 100 steps over the obstacle with fitted learning curve (power function). r represents
Pearson’s correlation coefficient for the normalized and logarithmically transformed data. (b) and (c)
rectified raw EMG of RF from toe off at the onset of swing (TO1) over the obstacle to the next toe off
(TO2) during the first (b) and last (c) step over the obstacle. RMS values were calculated for this time
interval.
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Table 2.1 Mean correlation coefficients for all subjects
all
muscles
RF BF TA GM AN KN FC
Run 1 -0.37 -0.48 -0.44 -0.32 -0.24 -0.13 -0.64 -0.30
Run 2 -0.18 -0.28 -0.06 -0.16 -0.21 0.02 -0.10 0.00
Run 3 -0.21 -0.27 -0.18 -0.29 -0.11 -0.06 -0.32 -0.03
Mean correlation coefficients between the number of steps over the obstacle and root mean square of
all muscles and separately for the rectus femoris (RF), biceps femoris (BF), tibialis anterior (TA) and
gastrocnemius medialis (GM) muscles, the amplitudes of ankle (AN) and knee (KN) joint trajectories
and the foot clearance (FC) over the obstacle for the three runs.
2.3.2 Adaptational changes, training effect and transfer of the movement trajectories
Figure 2.3 shows an individual example of the adaptational effects occurring in the
knee and ankle joint movement trajectories when a subject stepped repetitively over
the obstacle during three successive runs. In runs one and two the right and in run
three (mirror condition) the left leg was leading. The amplitude of the knee joint
trajectory strongly decreased during the first run (r = -0.63). During the second run
no further adaptational changes took place (r = -0.09). In the third run, however, the
adaptational changes were higher (r = -0.38). The amplitude of the ankle joint
movement trajectories over the obstacle showed very low adaptational changes in all
of the three successive runs. 
When the data obtained from all subjects were averaged, strong adaptational
changes were found for the amplitude of the knee joint movement over the obstacle
(maximal extension to maximal flexion between toe off and heel strike) during the
first run (r = -0.64). During runs two and three, the changes were less pronounced
and differed significantly from run one (run two r = -0.10, P < 0.001; run three r = -
0.32, P < 0.05). Runs two and three did not differ significantly from each other (P >
0.05), indicating that both training effect and transfer had occurred. 
In contrast, the amplitude of the ankle joint movements, showed no clear
adaptational changes during all three runs (run one r = -0.13; run two r = 0.02; run
three r = -0.06). The CCs of the three runs did not differ significantly from each
other (runs one and two P > 0.05; runs one and three P > 0.05, runs two and three P
> 0.05) and indicated that neither training effect nor transfer had occurred. 
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Figure 2.3 Knee and ankle joint trajectories during the three successive runs 
Representative individual example of changes in knee (above) and ankle (below) joint trajectories
during run one (A and D, right leg was leading), two (B and E, right leg was leading) and three (C and
F, left leg was leading). The solid line represents the first step over the obstacle within the run, the
interrupted line the last step (step 100). TO1: toe off before onset of swing over obstacle; HS: heel
strike.
The adaptational changes for the measure 'foot clearance' (Table 2.1) were high
during the first run (r = -0.30) and low during the second (r = 0.00) and third runs (r
= -0.03). The CC of run one differed significantly from the CC of run two (P < 0.01)
as well as from that of run three (P < 0.01). Run two did not differ significantly from
run three (P > 0.05). Both training effect and transfer had occurred for the measure
'foot clearance'. 
Table 2.1 and figure 2.4 summarize the mean correlation coefficients for the three
consecutive runs obtained for the measures from all subjects. Three measures, leg
muscle EMG activity, knee joint trajectory and foot clearance, showed significant
differences between runs one and two as well as between one and three, but not
between the runs two and three. These results indicate that overall, a significant
training effect and transfer occurred not only to the corresponding condition (run
two) but also to the mirror condition. The amount of training effect was more
pronounced than the amount of transfer. However, the transfer was also significant
for these measures. 
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Figure 2.4 Adaptational changes of EMG, knee joint trajectory and foot clearance 
Mean correlation coefficients for the adaptational changes of leg muscles EMG activity, knee joint
trajectory and foot clearance during stepping over the obstacle in the three consecutive runs. Data
obtained from all subjects are summarized. Correlation coefficients for all three measures were
significantly different between runs one and two and between one and three (mirror condition), while
they did not differ (ns: not significant) between runs two and run three.
2.3.3 Side differences between the two legs 
Table 2.2 shows the CCs between the sequential steps over the obstacle and the
movement measures listed for the two groups RL and LR. There were no significant
differences between the two groups for any measure (P > 0.05). 
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Table 2.2 Mean correlation coefficients for RL and LR groups
Group RL all muscles  knee foot clearance
Run 1 (right) -0.34 -0.64 -0.34
Run 2 (right) -0.20 -0.10 -0.02
Run 3 (left) -0.19 -0.32 -0.01
Group LR
Run 1 (left) -0.41 -0.66 -0.25
Run 2 (left) -0.16 -0.10 -0.04
Run 3 (right) -0.24 -0.51 -0.06
Mean correlation coefficients between the number of steps over the obstacle and the root mean square
of all muscles, the amplitudes of knee joint trajectory and the foot clearance over the obstacle of the
two groups RL and LR are displayed. Group RL performed the first two runs with the right left leading.
In the third run, the left leg was leading. Group LR vice versa.
2.4 Discussion
The aim of this study was to evaluate whether and how far the locomotor skill of
stepping over an obstacle, reflected in biomechanical and EMG signals, could be
transferred from one leg to the other, i.e. to the mirror condition. The main findings
were that (1) a large part of the changes in measures could be transferred to the
mirror condition and (2) there was no side preference for the transfer. These
observations will be discussed with respect to the changes in other locomotor tasks,
where little contra-lateral transfer was reported. 
2.4.1 Adaptational effects within the first run 
The adaptation that occurred by stepping repetitively over the obstacle was similar
to that described earlier (Erni and Dietz 2001), i.e. an exponential decrease of leg
muscle EMG activity (RMS) and of foot clearance took place during the first run. In
line with the literature (Erni and Dietz 2001) this adaptation or 'learning' is
suggested to reflect a change to a more efficient, less energy-consuming movement.
The reason for using the present approach for learning was based on an earlier study
on obstacle avoidance walking (Erni and Dietz 2001), which indicated that the
learning slope using an acoustic stimulus was more pronounced during the two
consecutive runs than when a visual cue was provided. With normal vision the
minimum time to implement motor commands for obstacle avoidance is one step
cycle (Patla 1997). One might argue that the adaptational changes could be due to
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fatigue. However, fatigue would imply a stronger activation of leg muscles and an
associated increase of obstacle hits. Data analysis showed that this was not the case.
Furthermore, no subject complained about fatigue during or at the end of the
experiment. The adaptational changes found in the present study were most
pronounced during the first run. 
2.4.2 Transfer of motor performance 
One major observation of this study was that the adaptational changes in the second
and the third runs were less pronounced than in the first run. It was not only the ipsi-
lateral leg that profited from the learning that occurred during the first run (training
effect). Hence, even if the contra-lateral leg became the leading one in the mirror
condition, transfer had occurred and performance had profited from the initial
training. This was especially true for the measure of foot clearance. Most
improvement in performance occurred during the first run. During the second and
third runs, optimal foot clearance was already established from the start. The strong
early adaptation in the foot clearance might be due to the instruction given to the
subjects for all three conditions to move the leading foot as low as possible over the
obstacle, i.e. to achieve optimal foot clearance. For the other measures, i.e. leg
muscle EMG activity and knee joint trajectory, some further adaptational changes
occurred during the third run (mirror condition), usually more than during the
second run. Nevertheless the adaptational changes of these measures did not differ
between the second and third runs, which indicate that transfer had occurred. There
was no difference between the CCs, i.e. in the adaptational changes, whether the
transfer occurred from the left to the right leg or vice versa. 
The lack of adaptational changes for the ankle joint trajectories during all three runs
might be due to the great variability and the complexity of ankle joint movement.
Furthermore, the analysis used to assess the changes in joint trajectories (movement
amplitude) might not be appropriate to assess such changes for the ankle joint
trajectory during such a complex task. 
A high level of transfer of training effects between the legs is not surprising in the
light of the fact that neuronal interleg coupling is substantial for human locomotion
(for review see Dietz 1992, 1997). For example, a close co-ordination between the
legs exists during unilateral pedalling (Ting et al. 1998). If the contra-lateral leg
changed from pedaling to static activity, muscle co-ordination of the pedaling leg
was altered even if its proprioceptive input was not changed. This observation
indicates that inter-leg muscle co-ordination during pedaling depends on the
sensorimotor state of the contra-lateral leg. 
In line with these findings a transfer of performance to the contra-lateral leg was
shown for specific afferent inputs (i.e. distinguishing stimuli of different forces or
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surfaces) to the hands or fingers, respectively (Harris et al. 2001). It was found that
the learning effects for discrimination of punctuate pressure or the roughness of a
surface can be transferred to the neighboring fingers of the trained ones and to the
corresponding fingers of the contra-lateral side. In contrast, learning of vibration
discrimination could not be transferred to any other finger. Furthermore, transfer
was also abolished if the contra-lateral hand was engaged in unrelated activities like
gripping the table (Hicks et al. 1982). 
2.4.3 Task specificity of transfer 
Our observations of a contra-lateral transfer, i.e. to the mirror condition, are at
variance with other studies on adaptational effects during locomotion. For example,
during split-belt locomotion i.e. when subjects walk on a treadmill with different
speeds at each leg, adaptation is achieved within 10-15 step cycles (Prokop et al.
1995). After an interruption, learning effects are maintained for the same, but not for
the mirror condition. It was concluded that side-specific proprioceptive information
about the dynamics of the movement is necessary for the spinal pattern generator for
both legs to adapt. Furthermore, one-legged hopping on a treadmill produces an
after-effect in the same leg, but not in the other leg (Anstis 1995). It was concluded
that the after-effect is based on a peripheral neural site. 
The discrepancy with the observations made here might be explained by the fact that
in the locomotor tasks of both studies (Anstis 1995; Prokop et al. 1995), the leg
extensor muscles are predominantly involved in the motor performance and also the
main adaptational changes occur in the extensors. In contrast, in the present
experiments, the leg flexors play a predominant role in the performance of the task,
i.e. stepping over the obstacle. Consequently, most adaptational changes occurred in
the flexor muscles. 
There exists increasing evidence that leg flexor and extensor muscles are
differentially controlled in animals and man (Cheng et al. 1998; for review see Dietz
1992). For example, leg flexors have a high responsiveness to visual stimuli, but leg
extensors are responsive to somatosensory input both in the cat (Beloozerova and
Sirota 1988) and man (Dietz 1992). In addition, cortico-spinal projections to lower
leg motoneurons were shown to be stronger in the tibialis anterior than in the soleus
muscles (Brouwer and Ashby 1992; Schubert et al. 1997). Besides these differences,
observations made in the interlimb co-ordination of infant stepping (Pang and Yang
2001) agree with recent models of locomotor control (Hiebert et al. 1996). These
observations indicate that the flexor half centers of homologous limbs reciprocally
inhibit each other if assessed during walking, whereas the extensor half centers are
not directly coupled with each other. Consequently, one can assume that
proprioceptive afferent information continuously modulates the activity of extensors
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with their antigravity function during gait, whereas the flexor activation is more
controlled by central inputs (for review see Dietz 1992). 
The different amount of transfer might be due to different levels of locomotor
control involved in the various tasks. In the rather simple task of split-belt
locomotion, the adaptation to different speeds at the two legs has been suggested to
take place on a spinal level (Jensen et al. 1998). In contrast, it might be hypothesized
that the learning effects observed in the present experiments occur at a higher level
of locomotor control. Such a higher level of neuronal integration would represent
the brainstem. It was suggested that the brainstem centers contribute to the bilateral
leg muscle activation during stepping in both cats (Ito 1984) and humans (Bonnet et
al. 1976; Dietz and Berger 1984). Alternatively, we cannot exclude the possibility
that the trailing leg learned about the obstacle height before the transfer trial.
However, the movement trajectory of the trailing leg, simply following the leading
leg, differed basically from that of the leading leg. 
The observation that during stepping over an obstacle a considerable transfer of skill
to the mirror condition occurs might have consequences for training strategies in
sports and rehabilitation. 
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Chapter 3
Effects of bio-mechanical constraints on performance*
3.1 Introduction
During rehabilitation, motor learning, adaptation and recovery are closely related
processes (Mulder and Hochstenbach 2001). Patients with a sensory-motor lesion
suffer from a disturbance in the integrity of the neuro-motor system. Consequently,
the system has to adapt to this new situation and regain a new ‘optimal’ output level.
Afferent input is important during this process, as it informs the central nervous
system about the actual functionality. The goal of the rehabilitation process of
patients, for example those with an incomplete spinal cord injury (SCI) may be to
restore functional gait, which can be considered the desired output of the system. To
regain this output, the neuro-motor system has to be reorganized. Regaining of new
optimal functionality is the result of an interaction between spontaneously occurring
mechanisms (the brain adapts to the changes in afferent input after SCI, see Curt et
al. 2002) and the rehabilitation process during the adaptational (learning) program.
Most likely, both types of adaptations strongly influence each other.
During rehabilitation, the CNS of the patient becomes stressed by the loss of
function associated with an internal re-organization. External aids, such as orthoses
for stabilization of knee and / or ankle joints, can change the afferent input of the
neuro-motor system. Studies investigating the effects of orthoses on walking ability
in healthy subjects and patients with SCI have mainly focused on the effects on gait
parameters and energy expenditure. Fixating both knee and ankle joints in healthy
subjects slowed walking speed and cadence and shortened stride length (Yang et al.
1996), whereas fixation of a single ankle or knee joint increased the energy
expenditure by 6% and 18%, respectively (Ralston 1965). Patients with SCI who
needed bi-lateral knee and ankle joints fixation, experienced a higher energy
expenditure and walked slower compared to patients that required uni-lateral joints
fixation (Perry 1992). Furthermore, patients with SCI who uses bi-lateral long leg
braces for a long time required less energy expenditure than those who had only
used braces for a short time (Chantraine et al. 1984). This indicates that on-going
adaptational processes occur following prolonged use of such walking aids. 
                                                
*From: Van Hedel HJ, Dietz V. (2004) Obstacle avoidance during human walking: the influence of
biomechanical constraints on performance. Archives of Physical Medicine and Rehabilitation. 85:972-
979.
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The aim of our study was to assess the effect of bio-mechanical constraints at single
joints during the adaptation to a newly learned motor task, i.e. stepping over an
obstacle. Changes in performance were investigated when subjects were wearing
ankle and / or knee fixating orthoses. Because wearing an orthosis directly
influences the performance, the orthoses were attached to the left leg; subjects then
stepped with their right leg over an obstacle. Changes in the performance of the
right, unconstrained leg were investigated. In light of energy expenditure studies
(Ralston 1965; Yang et al. 1996), it was expected that fixation of (1) the ankle joint,
(2) the knee joint or (3) both, increasingly affect the neuro-motor system.
3.2 Methods
Our study was approved by the local ethics committee and conformed with
standards set by the Declaration of Helsinki. The subjects were informed about the
experiments and gave written consent.
3.2.1 General procedures and recording protocol
The methodological approach of obstacle stepping has been described in detail (Erni
and Dietz 2001; Van Hedel et al. 2002). In short: the subjects walked on a treadmill
(Woodway GmbH, Weil am Rhein, Germany). To study repetitive stepping over the
obstacle, a custom-built obstacle-machine was placed next to the treadmill (Fig.
3.1A). The obstacle consisted of a foam stick, 11 cm above the treadmill. It was
attached to the obstacle machine in such a way as to fold back by a slight touch.
Therefore, it did not cause stumbling. The impact of the right foot, i.e. heel strike
(HS1), was used to start the movement of the obstacle (Fig. 3.1B) using force plates
located underneath the treadmill. The time between obstacle steps varied randomly
between 9 and 16 seconds, i.e. 6 to 11 normal step cycles. After release, the obstacle
moved with the same speed as the treadmill and the subject could step over the
obstacle with the right foot without changing the rhythm of the walking cadence.
After the subject had stepped over the obstacle, the obstacle folded up at the end of
the treadmill and moved back to its starting position. During the experiment, all
subjects wore shoes.
The subjects had reduced visual input, due to special glasses that reduced visual
clarity of the obstacle and the treadmill. An earlier study (Erni and Dietz 2001)
showed that, when compared with subjects with full vision, subjects who had
reduced vision but received acoustic feedback about the approaching obstacle and
performance showed a more pronounced learning profile: stronger adaptations
occurred within the runs. Furthermore, restricting vision caused the subjects to rely
more on proprioceptive inputs. In our study, changes in proprioceptive inputs caused
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by the orthoses might result in greater differences in the performance of the task.
Therefore, the same approach of reduced vision and acoustic feedback was used.
Small earplugs provided warning and feedback-signals, as well as the sound of rain
in the background. To eliminate any acoustic information about the moving obstacle
machine, a large headphone was applied over the earplugs. 
Figure 3.1. Experimental set-up.
A, Subject walking on the treadmill and stepping over the moving obstacle. B, Schematic drawing of
the timing of all events during one step over the obstacle. Abbreviations: HS, heel strike before (HS1)
and after (HS2) stepping over the obstacle; TO, toe off before (TO1) and after (TO2) stepping over the
obstacle.
When the subject stepped over the obstacle, the level of foot clearance was
determined by a vertical linear array of eight light sensitive diodes, which were
attached to the obstacle machine above the foam stick. The lowest diode was placed
2 cm above the obstacle and the distance between each diode was 2 cm (3 cm for the
upper two light sensitive diodes). The signal of the lowest activated diode was
recorded for each step over the obstacle. The subject received acoustic feedback
about the foot clearance over the obstacle according to the activated diode, i.e.
greater foot clearance was signaled by a higher acoustic feedback-signal. When the
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lowest diode was activated (optimal foot clearance), a double-beep signal (707 and
1400 Hz sinusoidal signal, 600ms duration) was applied. The other feedback signals
consisted of single beeps (125, 176, 250, 354, 500, 707 and 1000 Hz rectangular
signal of 400 ms duration for the second lowest diode to the highest diode,
respectively). 
A short beep of 100 ms duration served as a warning signal, indicating the first
obstacle released at the end of the stance phase (33% of the step cycle). Before the
experiment started, the volunteers received instruction about the experiment and
were familiarized with the approach. They stepped five times over the obstacle with
full vision as well as receiving the acoustic signals (warning and feedback).
3.2.2 Recording protocol
The whole experiment consisted of three runs, each consisting of 50 steps over the
obstacle and lasting more than 10 minutes. Between each run, the subjects had a
break of five minutes. The first two runs were performed without wearing any
orthoses. During the third run, three groups were defined. In one group (AFO), an
ankle-foot joint fixating orthosis was attached to the left leg, which did not step over
the obstacle. In the second group (KO), a knee orthosis and in the third group
(KAFO), both ankle and knee fixating orthoses were attached to the left trailing leg.
The subjects were stratified according to sex and then randomly assigned to one of
the three groups. The characteristics of the groups are described in Table 3.1.
Table 3.1. Characteristics of the subjects of the groups AFO, KO and KAFO
AFO KO KAFO
Gender 4 women, 3 men 4 women, 3 men 3 women, 4 men
Age (years) 26.5 ± 3.1 24.8 ± 2.1 22.3 ± 3.8
Height (m) 1.75 ± 0.13 1.75 ± 0.11 1.73 ± 0.06
Weight (kg) 66.8 ± 16.9 66.8 ± 15.4 66.7 ± 6.3
Note. Values are mean ± standard deviation.
3.2.3 Application of orthoses
Fixation of the ankle joint was accomplished using a standard plastic orthosis with a
drop-foot reducing function (Figs. 3.2A and 3.2B). These orthoses were placed
inside the shoes. Two sizes were used. The smaller one weighed 128 g and the larger
one 124 g. (this difference was due to the plastic composition of the orthoses).
Although the ankle-foot joint did not become completely immobilized, range of
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motion was strongly reduced. Knee fixation was accomplished by a custom-made
dorsally applied cast (weight 446 g, Fig. 3.2A). This orthosis was fixed by four
straps with an addition of a bandage (Fig. 3.2C).
3.2.4 Data recording and analysis
EMG recordings were made using surface electrodes from the rectus femoris (RF),
biceps femoris (BF), tibialis anterior (TA) and gastrocnemius medialis (GM)
muscles, of the right leading leg. Ankle, knee and hip joint movements of the right
leg were monitored using goniometers (Biometrics Ltd, Unit 25, Gwent, UK) fixated
at the lateral aspect of each joint. Force plates positioned underneath the left and
right treadmill belts were used to record vertical forces exerted by the subject.
Therefore, it was possible to distinguish the impact of the left leg from the right one.
Figure 3.2 Orthoses applied in this study.
A, Ankle-foot orthoses (AFOs) in two sizes and knee fixating cast. Small AFO: a = 24 cm, b = 27 cm
and c = 8 cm. Large AFO: a = 21 cm, b = 36 cm and c = 10 cm. B, The AFO was worn inside the shoe.
C, The knee fixating cast (53 cm long) was fixed with four straps, with an addition of a bandage (latter
was not shown).
a c
A B
C
b
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The EMG signals were amplified, band-pass filtered (30-300 Hz) and transferred
together with the bio-mechanical signals to a microcomputer system via an
analogue-to-digital converter. All signals were sampled at 1000 Hz. The EMG
signals were rectified. The force signal of the leading right leg, used to indicate toe
off, i.e. onset of swing over the obstacle (TO1) was also used to trigger EMG and
bio-mechanical signals (Fig. 3.1B). The impact of the right heel after the obstacle
(HS2) and toe off of the following stance phase (TO2) were determined. The root
mean square (RMS) was determined for the evaluation of changes in leg muscle
EMG activity from the first step to the last step over the obstacle within a run. The
RMS was determined for each step cycle for an interval between first toe off (TO1)
and second toe off (TO2; see Fig. 3.1B). 
For the same interval the variation ratio (VR) for each joint movement signal was
calculated, in order to analyze changes in the trajectory of the right leg over the
obstacle within each run. The VR provides a measure of the similarity of several
waveforms (Erni and Colombo 1998). The VR was calculated between two
trajectories. First, the movement trajectories of the final three steps over the obstacle
of each run were averaged. Then, the movement trajectory of each step, i.e. the first
to the 47th step of each run, was compared with the average of the final trajectories
of that run. Therefore, the similarity of the trajectory of each step was compared
with the mean of the more adapted steps at the end of each run. For completely
reproducible waveforms the VR is close to zero, for dissimilar waveforms the VR
approaches one. The duration of the swing phase was determined by assessing the
time interval between TO1 and HS2 using the ground reaction forces. 
3.2.5 Analysis of obstacle experiment data
Motor learning was reflected in an improvement of performance during obstacle
stepping. A better performance was defined by the following criteria (Erni and Dietz
2001): (1) smaller RMS values for leg muscle activation, (2) smaller variation ratios
(VRs) of joint movement signals, (3) a lower level of foot clearance over the
obstacle, and (4) shortening of the swing phase duration over the obstacle.
The various measures (RMS of RF, BF, TA and GM, VR of hip, knee and ankle
joint trajectories, foot clearance and swing phase duration) were analyzed in all runs
by evaluating their course over time and by calculating the training and transfer
values from one run to the next. 
The course over time was analyzed by calculating the mean for each measure per
subject and run. Afterwards, the measures were normalized by dividing them by
their mean. The measures were then logarithmically transformed and Pearson’s
correlation coefficient (CC) r was calculated between the number of steps over the
obstacle and the values from the logarithmically transformed data for each run.
Mean correlation coefficients (CCs) were calculated for all subjects, as well as for
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all variables (performance). Differences between the CCs of the three runs were
analyzed, using analysis of variance (ANOVA) for repeated measures with three
levels of the between-subjects factor (AFO, KO and KAFO) and three levels of the
within-subject factor (runs 1, 2 and 3) and their interaction. Pair-wise comparisons
were performed using t-tests with Bonferroni’s correction. All measures of all
subjects were used. The optimal covariance structure used was determined using
Akaike’s Information Criterion and Schwarz’s Bayesian Criterion. For all tests, α
was set at 0.05.
Furthermore, ‘training’ (between runs with identical conditions, i.e. runs 1 and 2)
and ‘transfer’ values (between two different runs, i.e. without and with orthosis, runs
2 and 3) were calculated. Training and transfer values were calculated by averaging
the first and the last four values of each measure for each subject during each run.
The averaged value of the last four steps over the obstacle of the previous run was
subtracted from the mean value of the first four steps over the obstacle of the current
run. This difference was divided by the average of the current first four steps over
the obstacle and subtracted from 1:
1 – [(Current run, first 4 steps – previous run, last 4 steps) / (Current run, first 4
steps)]
A training or transfer value of 1 indicated that the subject’s performance was equal
at the onset of the current run and at the end of the previous run. If the value was
less than one, the performance was worse at the onset of the current compared to the
end of the previous run. For example, a value of 0.80 indicated that 80% of the
previously achieved end-level could be transferred to the new run. A value higher
than 1 would indicate a better performance at the onset of the current run compared
to the end of the previous run. For all measures, the statistical significance of the
difference between 1 and the mean training effect or transfer for each subject was
calculated using Student’s t-test. Differences in transfer values between the three
groups were analyzed using repeated measures ANOVA with Bonferroni’s
correction for pair-wise comparisons. Again, all measures (RMS of RF, BF, TA and
GM, VR of hip, knee and ankle joint trajectories, foot clearance and swing phase
duration) of all subjects were used.
3.3 Results
In our study, between 2 and 7 obstacle hits occurred per run (50 steps) per subject.
The obstacle hits were randomly distributed over a run.
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Figure 3.3 shows a representative individual example of the adaptational changes
occurring in the BF muscle of the right leading leg when repetitive obstacle stepping
was performed. This subject belonged to the KAFO group during the third run.
During the first run, the BF EMG activity decreased with a CC of –0.440 in a log-
log co-ordinate system (a negative CC indicates a decrease of the measure over
time). During the second run (equal conditions), the CC was –0.272, which was not
significantly different from zero (p>0.05). During the third run, stronger
adaptational changes occurred, reflected in a CC of –0.413, which was significantly
different from zero (p<0.05). 
Figure 3.4 shows an individual example of the changes in foot clearance when a
subject (group AFO during the third run) repeatedly stepped over the obstacle.
During the first run, adaptational changes occurred and foot clearance decreased.
Although, the variability was quite high, the subject achieved an optimal foot
clearance, i.e. activation of the lowest diode, in 60% of the obstacle steps. During
the second run some further improvement occurred (optimal foot clearance was
achieved in 68% of the steps; except for one step, all other steps were on the second
best level). During run 3 some adaptation occurred again, i.e. foot clearance
decreased. 
The CCs calculated for all subjects for the first run, varied between –0.248 and –
0.489 for the muscles and between –0.296 and –0.355 for the joints. The CC
calculated for the swing phase duration was –0.127 and for the foot clearance –
0.038. For the second run, the CCs varied between –0.175 and –0.272 for the
muscles and between –0.225 and –0.244 for the joints. The CCs were –0.057 and –
0.003 for the swing phase duration and foot clearance, respectively. During the third
run, the CCs calculated for the muscles varied between –0.074 and –0.358, while the
CCs of the joints varied between –0.186 and –0.444. The CCs varied between 0.014
and –0.196 for the swing phase duration and between –0.004 and –0.144 for the foot
clearance.
The CCs calculated for the ‘performance’ differed significantly between the groups
(F (2, 15) = 6.31, P = 0.01) and between the runs (F (2, 30) = 5.45, P < 0.01), while
their interaction was not significant (F (4,30) = 0.43, P = 0.43). The pair-wise
comparisons showed differences between the groups AFO and KO (P < 0.05), while
the ‘performance’ of the groups AFO and KAFO did not differ significantly (P =
0.056). The CCs of the second run (r = -0.187) were significantly lower than those
calculated for the first run (r = -0.287; P < 0.01). The CCs of the third run (AFO: r =
-0.263; KO: r = -0.249 and KAFO: r = -0.210) indicate that again some adaptation
occurred. However, they were not different from the CCs of the second run and did
not differ between the three groups during the third run.
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Figure 3.3 Course of BF EMG activity during the three successive runs
BF EMG activity of one subject (KAFO group) during three runs. (A) run 1; (B) run 2 and (C), run 3.
During run 3, ankle and knee joint orthoses were attached to the left leg. (a) Course of BF RMS
calculated for 50 steps over the obstacle with fitted learning curve (power function). The 95%
confidence intervals (CI) for the correlation coefficients were: run 1: 95% CI = -0.64 to -0.19; run 2:
95% CI = -0.51 to 0.00; run 3: 95% CI = -0.62 to -0.15. BF EMG activity at the (b) first and (c) last
step over the obstacle between toe off before (TO1) and after (TO2) stepping over the obstacle.
Abbreviations: rlog-log, correlation coefficient calculated in a log-log co-ordinate system.
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Figure 3.4 Foot clearance during successive runs
Foot clearance of one subject (group AFO) during the three runs. (A) Run 1; (B) run 2 and (C) run 3,
where the subject had an ankle-foot orthosis on the left leg. (a) Course of foot clearance calculated for
50 steps over the obstacle with fitted learning curve (power function). (b) Mean foot clearance of the
first four and last four steps over the obstacle. Abbreviations: rlog-log, correlation coefficient calculated
in a log-log co-ordinate system.
The training values calculated between runs 1 and 2 were close to 1 and varied
between 0.918 and 1.155 for the muscles, the hip joint, the swing phase duration and
the foot clearance. The training values for the ankle (1.650) and knee joints (1.674)
were higher. The transfer values were calculated between the second and third run.
For the AFO group, the values calculated for the muscles, the swing phase duration
and the foot clearance were close to 1 and varied between 0.883 and 1.120. The
transfer values for the joints were smaller and varied between 0.541 and 0.700. For
the KO group, the transfer values of the muscles varied between 0.784 and 0.867,
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while the values for the joints were low and varied between 0.254 and 0.358. The
transfer values of the swing phase and the foot clearance were close to 1 (1.024 and
0.956, respectively). The KAFO group showed transfer values similar to the KO
group. For the muscles, the transfer values varied between 0.780 and 0.862. For the
joints, they varied between 0.322 and 0.567. The transfer values for the swing phase
and the foot clearance were 0.995 and 0.869, respectively. 
The mean training value that was calculated between runs 1 and 2 for all subjects,
was 1.162 (SD = 0.292) and did not differ significantly from 1 (P = 0.115, 95% CI:
–0.37 to 0.04). This indicates that the adaptational changes achieved during run 1
were transferred to run 2. The mean transfer value from run 2 to run 3 was 0.872
(SD = 0.201) for the AFO group. This was not significantly different from 1 (P =
0.07, 95% CI –0.27 to 0.01). The transfer values (mean ± SD) of both the KO and
KAFO groups (0.694 ± 0.289 and 0.722 ± 0.228, respectively) were significantly
different from 1 (for both, P < 0.01; KO: 95% CI: 0.10 to 0.51 and for KAFO: 95%
CI: –0.44 to –0.12). The values correspond to 69% and 72%, respectively, of the
previously acquired adaptational changes that could be transferred to the new
condition with bio-mechanical constraints at the left non-leading leg (run 3).
Repeated measures ANOVA showed a significant difference in the transfer values
between the three groups during the third run (F (2, 15) = 5.98, P = 0.01). Pair-wise
comparisons showed a significant difference between AFO and KAFO (P = 0.01),
while the differences between AFO and KO and KO and KAFO were not significant
(P = 0.19 and P = 0.57, respectively). 
In figure 3.5, the course of all measures are taken together to ‘performance’. The
linear slopes of the ‘performance’ were proportional to the calculated CCs, while the
differences between the runs were proportional to the training and transfer values.
3.4 Discussion
The aim of our study was to evaluate whether bio-mechanical constraints influence
the performance of the unconstrained leg during a newly learned locomotor task, i.e.
stepping over an obstacle. The main observations were the following. First, in line
with earlier studies (Erni and Dietz 2001; Van Hedel et al. 2002), CCs during the
second run were significantly lower than those of the first run and indicated less
adaptation during this run. Subjects performed the task of stepping over the obstacle
more efficiently, in association with less muscle activity and a more stable
movement pattern. The fact that no significant differences were found between the
three groups for the third run indicates that the rate of adaptation was similar in the
three conditions. Alternatively, it might be that the absence of a significant
difference has to be attributed to the relatively small groups or the low sensitivity of
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the experimental approach. Second, as hypothesized, the transfer values (between
runs 2 and 3) differed significantly from 1 for the KO and KAFO groups.
Furthermore, the transfer of the KAFO group was significantly lower than that of the
AFO group. Both findings indicate that especially the constraint on the knee joint
affects the performance more than that on the ankle joint alone. However, even
constraining the ankle joint affected the performance slightly. These findings
support the hypothesis, that the neuro-motor system is affected by constraints on the
knee joint more, than on the ankle joint.
Figure 3.5 Slopes of ‘performance’ for all three groups
Linear adaptive slopes averaged over all measures per run and condition. The slopes are proportional to
the mean correlation coefficients. The steps between the runs are proportional to the mean training and
transfer values, respectively. Abbreviations: AFO, an ankle-foot orthosis was attached to the left leg;
KO, a knee orthosis was attached; KAFO, both, ankle-foot and knee orthoses were attached; *: P <
0.05; **: P < 0.01.
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It appears that immobilizing joints by wearing orthoses causes a worsening of the
overall function, i.e. a decrease in performance of the task. Differences in
adaptational rate due to differences in the degree of bio-mechanical constraints could
not be determined. Earlier studies showed that obstacle stepping could be partially
transferred to the contra-lateral side (Van Hedel et al. 2002). Our study indicates that
changing the neuro-motor system on the trailing (left) leg affects the performance of
the leading (right) leg during obstacle stepping as well. 
The decrease in performance at onset of the third run can be explained by the bio-
mechanical changes of the affected joint(s) and their influence on the performance.
However, physiological mechanisms might also play a role. The control of the
present task involves the use of afferent information from the visual, vestibular and
proprioceptive systems (Dietz 1992, 2002). In the present experiment, the changes
made by the application of orthoses concerned the proprioceptive system.
Proprioceptive information provides the basis for a conscious and unconscious
representation of our body in the surrounding (Dietz 2002; Pearson 2000). The
biomechanical constraints achieved by wearing the orthoses cause changes in the
afferent input from several proprioceptive receptors around the affected joints. Local
immobilization restricted muscle stretch resulting in a change in muscle spindles
activity (group I and II afferents) as well as a change in mechano-sensors (located in
the joint capsules) produced afferent input. In addition, pressure of the orthosis
might cause skin deformations, which change afferent input from group II and
possibly III afferents. 
The proprioceptive mechanisms have an important role in the control of movement
(Dietz 2002; Pearson 2000). This becomes obvious in subjects with large-fiber
sensory neuropathy (Sainburg et al. 1995). Arm-reaching movements show errors in
direction and amplitude of hand trajectories. This reflects inappropriate motor
commands to compensate for interactive torques between limb segments. The
finding that visual information can substitute to some extend the loss of
proprioception (Ghez et al. 1995) supports the concept that feed-forward commands
are based on an internal model of limb dynamics and play an important role in the
control of multi-joint movements. This internal model depends, to some extent, on
proprioception (Pearson 2000). In this study, feed-forward control could not be used
because of the reduced vision. Therefore, subjects had to rely more on
proprioceptive feedback information. However, proprioceptive information most
probably has been used to re-scale motor commands in response to the acoustic
feedback information. This mechanism might play a major role in the adaptive
changes found in our study. 
Neural adaptive processes can continue to evolve after practice has already ended
(Brashers-Krug et al. 1996). This might explain why the training value (calculated
between runs 1 and 2) was greater than 1. Little is known about the neuronal
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substrates that are responsible for this process, termed consolidation. Although
during the early consolidation process, the primary motor cortex seems to be
involved (Muellbacher et al. 2002), later on a shift seems to occur to the pre-motor,
posterior parietal and cerebellar cortex structures (Shadmehr and Holcomb 1997).
Furthermore, changes in afferent input might cause changes in proprioceptive
reflexes (Dietz 2002). These reflexes have an important function for detecting
unexpected events and initiate rapid compensatory EMG responses for keeping
balance (Dietz 2002), thereby influencing the performance of a motor task, such as
stepping over the obstacle. 
Our study shows that with bio-mechanical constraints on one leg, the performance
of a previously learned locomotor task became worse. This was the case even
though the constraint was attached to the leg that did not step over the obstacle. In
the young healthy subjects studied here, the adaptations found would be expected to
be minimal, due to an optimal proprioceptive feedback information, a well-
functioning musculo-skeletal system as well as sufficient endurance and cognitive
processing capability. A previous study showed that healthy subjects using walking
aids require higher cognitive processing than during normal walking (Wright and
Kemp 1991). In a dual-task paradigm, the subjects walked with a rolling and a
standard walker and showed a significant increase in a voice response time task
compared to walking without aids. This is in line with the present findings, that
walking aids influence the performance of a task. It also might be of clinical
importance, since patients with a sensory-motor disorder depend more on cognitive
processing and visual input (De Visser et al. 1998; Geurts and Mulder 1994; Geurts
et al. 1992b; Mulder et al. 2002). Patients with a hereditary motor and sensory
neuropathy (HMSN) type 1 show pronounced balance disturbances when standing
on a force platform, but no additional postural disturbance occurred due to a double
task (Geurts et al. 1992b). However, when new orthopedic footwear was applied in
these patients, balance control was additionally impaired (Geurts et al. 1992a).
Similarly to the present observation, the performance of automatically learned motor
tasks becomes worse after a change in proprioceptive input. 
The therapeutical consequences of our findings are that motor performance can
decrease, e.g. in patients with an incomplete SCI, when they start to wear orthoses.
The extent of the constraint determines the impairment of motor performance and
the time required for the re-adaptation to regain the previous level. Although bio-
mechanically needed, the impact of such aids in clinical practice and movement
performance should not be underestimated. Consequently, the use of orthoses should
be restricted to a minimum, thereby reducing the number of the affected joints. The
therapist should train the patients with and, if possible, without wearing the orthosis.
Therapists should carefully monitor their patients, when patients shift from orthosis-
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use to non-use or vice versa. To summarize, therapists should understand the impact
of such aids on motor performance and the requirement of re-adaptation. A transient
worsening of movement performance can be expected, because it takes time for the
central nervous system to adapt to a new proprioceptive condition. 
Acknowledgements
We would like to thank P. Lutz for his excellent technical help, as well as A. Jenni,
L. Tomatis and M. Stüssi, for their contribution on analyzing the data. We are
grateful to the volunteers who participated in this study. This work was supported by
the Swiss National Science Foundation (no: 31-64792.01 and 31-62025.00), and the
NCCR on Neural Plasticity and Repair. 
40
41
Chapter 4
Modulation of H-reflex responses during a locomotor learning task*
4.1 Introduction
When stepping over an obstacle, subjects subconsciously make adaptations to
perform the motor skill. The central nervous system (CNS) automatically develops
strategies to maintain body equilibrium and to adapt the locomotor pattern to the
actual requirements. When subjects step over obstacles, usually vision is used for
control in a feed-forward manner (Patla and Vickers 1997). Hip, knee and ankle
joints become more flexed (Patla and Prentice 1995), while intersegmental dynamics
are used to simplify the movement over the obstacle and minimize energy costs.
While these adaptations are controlled by supraspinal structures, spinal structures
are involved as well to preserve balance and to ensure stable walking pattern
movements throughout the step cycle (Zehr and Stein 1999; for review see Dietz
1997). 
Spinal reflex mechanisms play a major role during the (1) acquisition and (2)
maintenance of new locomotor skills (for review see Wolpaw and Tennissen 2001).
(1) Evidence that motor learning involves spinal neuronal circuits came up from
investigations on spinalized cats, which were task specifically trained to stand or to
step on a treadmill (De Leon et al. 1998b; Edgerton et al. 1992). Furthermore, in
humans with a complete spinal cord injury, task appropriate changes in leg muscle
electromyographic (EMG) activity were seen after a regular training on a treadmill
(Dietz et al. 1994).
(2) Evidence that spinal reflex mechanisms have a function in maintaining
locomotor skills came up for example from a study showing that both H-reflex and
disynaptic reciprocal inhibition were stronger, when healthy adults were more
physically active than controls (Nielsen et al. 1993). However, in ballet dancers,
who were the most active, the H-reflexes were the lowest. It was speculated that
small reflexes might allow an enhanced cortical control and, consequently, precise
movement performance (Nielsen et al. 1993). 
In a recent study, it was proposed, that stepping over an obstacle involves
supraspinal centres like the brainstem (Van Hedel et al. 2002). Such an involvement
might be associated with changes in the transmission in spinal pathways. In this
study, H-reflexes were used as an assessment tool to investigate possible changes in
                                                
*From: Hess F, Van Hedel HJ, Dietz V. (2003) Obstacle avoidance during human walking: H-reflex
modulation during motor learning. Experimental Brain Research. 151(1):82-9.
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spinal segmental pathway transmission. The aim was to evaluate in how far the
adaptational changes caused by repetitive obstacle stepping are reflected in a
modulation of the H-reflex in healthy subjects. It is hypothesized that modulation of
the reflex size occurs during adaptation to the new motor task. 
4.2 Methods 
4.2.1 General procedures and recording methods
The experiments were performed with approval of the local Ethical Committee. All
subjects gave written informed consent. The experiments confirmed to the
declaration of Helsinki. The nine subjects, aged between 23-37 years, had no signs
of a neurological, orthopedic and cardiovascular disease. Subjects with a body mass
index higher than 30 were excluded.
Throughout the experiment the subjects walked on a treadmill (Woodway, Weil am
Rhein, Germany). A custom-built obstacle-machine was placed next to the treadmill
(Fig. 4.1.) in order to study repetitive stepping over the obstacle. The obstacle
consisted of a foam stick, 11 cm above the treadmill. It was attached to the obstacle
machine in such a way that it folded back by the slightest touch. It caused no
perturbations of the movement. The force signal of the force plate located
underneath the right belt (in front of the position of the subject) was used as a trigger
to start the obstacle machine. The impact of the right foot, i.e. heel strike (HS1), was
used to start the movement of the obstacle. At this time, a short acoustic beep of 100
ms duration warned the subject for the starting obstacle (Fig. 4.1). The time between
obstacle steps varied randomly between 10 and 16 seconds, i.e. 6-11 normal gait
cycles. After release, the obstacle moved with the same speed as the treadmill and
the subject could step over the obstacle without changing the rhythmic walking
cadence. After the subject stepped over the obstacle, it folded up and moved back to
its starting position. 
The subjects had reduced visual input, due to special glasses that prevented visual
information about the obstacle and the treadmill. A previous study showed that more
learning occurred in the situation were subjects had reduced vision and received
acoustic feedback compared to the situation where subjects had full vision (Erni and
Dietz 2001). Small earplugs provided warning and feedback signals as well as
‘rainy’ noises in the background. Additionally, the subjects wore a headphone over
the earplugs, which eliminated all acoustic information about movement of the
obstacle machine. 
When the subject stepped over the obstacle the level of foot clearance was
determined by a vertical linear array of eight light sensitive diodes that were
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attached to the obstacle machine above the foam stick. The lowest diode was placed
2 cm above the obstacle and the distance between each diode was 2 cm (3 cm for the
upper two diodes, Fig. 4.1.). The signal of the lowest activated diode was recorded
for each step over the obstacle and the subject received the corresponding acoustic
feedback signal. The higher the foot clearance, the higher the feedback signal. When
the lowest diode was activated (optimal foot clearance) a double-beep (707 and 1400
Hz sinusoidal signal, 600ms duration) was activated. The other feedback signals
consisted of a single beep (125, 176, 250, 354, 500, 707 and 1000 Hz rectangular
signal of 400 ms duration for the second lowest to the highest diode, respectively).
Before the experiment started, the volunteers received instruction and were
familiarized with the approach. They stepped five times over the obstacle with full
vision and both acoustic signals (warning and feedback).
4.2.2 Data recording and analysis
EMG recordings were made using surface electrodes from the rectus femoris (RF),
biceps femoris (BF), gastrocnemius medialis (GM), tibialis anterior (TA) and soleus
(SOL) muscles of the right leg. Ankle and knee joint movements of the right leg
were monitored using mechanical goniometers fixed at the lateral aspect of each
joint. 
The general recording technique and the data analysis have been described in detail
previously Dietz et al. 1995; Erni and Colombo 1998). Briefly, the EMG signals
were amplified, band-pass filtered (30-300Hz) and transferred together with the
biomechanical signals to a PC microcomputer system via an analogue-to-digital
converter. All signals were sampled at 1000Hz. The EMG signals were rectified. For
the evaluation of changes in leg muscle EMG activity from the first to the last step
over the obstacle within a run, the root mean square (RMS) was determined for each
step cycle for an interval between first toe off (toe off before onset of the swing over
the obstacle or TO1) and second toe off (TO2) (see Fig. 4.1). 
For the same interval, the variation ratio (VR) for each joint movement signal was
calculated to analyze changes in the leg’s trajectory over the obstacle within each
run. The VR provides a measure of the similarity of several waveforms (Erni and
Colombo 1998). Here the VR was calculated between two trajectories. First, the
mean trajectory of the last three steps of a run was calculated, i.e. when the leg
movement was stabilized. Then, the movement trajectory of each step was compared
with this mean using the VR. For completely reproducible waveforms the VR tends
to zero; for dissimilar waveforms the VR tends to one. 
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Figure 4.1. Experimental set-up, timing of events and sequence of conditions. 
(A) The obstacle machine was placed next to the treadmill and moved with the same speed as the
treadmill. At the end of the treadmill the obstacle folded up and moved back to its starting position.
Eight light sensitive diodes detected foot clearance. (B) Timing of events. The obstacle machine and the
acoustic (ACU) warning signal were released by first heel strike (HS1). H-reflex stimulation occurred
50ms (ES1) or 700ms (ES2) after HS1. After the swing phase over the obstacle, the acoustic feedback
signal, indicating foot clearance, was provided. RMS of leg muscle activity and variation ratio (VR) of
joint angle trajectories were calculated between first toe off (TO1) before the swing over the obstacle
and second toe off (TO2). (C) Sequence of conditions (all were performed with reduced vision).
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4.2.3 Analysis of obstacle experiment data 
Motor learning was reflected in an improvement of motor performance. A better
performance occurred, when (1) the RMS values for leg muscle activation became
smaller, as well as (2) the VRs of the joint movement signals and (3) the level of
foot clearance over the obstacle. The various measures were also analyzed for runs
1, 2 and 5 (normal treadmill walking), except for the measure of foot clearance. The
latter could not be recorded since the light diodes were attached above the obstacle
machine, which was too high to record foot clearance during normal walking. 
The course over time was evaluated using a correlation coefficient (CC). The
measures were normalized by dividing each value by the mean calculated per run
and subject. The measures were logarithmically transformed and Pearson’s CC r
was calculated between the number of steps recorded (run 1, 2 and 5) or the number
of steps over the obstacle (run 3 and 4) and the measures using the normalized and
logarithmically transformed data for each run and each subject. Mean correlation
coefficients (CCs) were calculated for all subjects using Fisher’s Z-transformation.
Differences in CCs between the different runs were analyzed using repeated
measures analysis of variance (ANOVA) and a Bonferroni correction. The optimal
covariance structure was determined using Akaike’s Information Criterion and
Schwarz’s Bayesian Criterion. The measure foot clearance was tested using a
paired-t-test.
4.2.4 Analysis of H-reflex modulations
Electrical stimuli were applied to the tibial nerve in the fossa poplitea to elicit the H-
reflex using surface electrodes. H-reflexes were elicited using an electrical bipolar
square pulse of 3 ms duration. The cathode was placed in the popliteal fossa, the
anode just above the patella. Maximal M-wave (Mmax) was determined in a static
condition. Subjects were standing relaxed, while electrical stimuli were applied to
the tibial nerve with an interval of 2 seconds. Electrical stimulus strength was
increased in steps of 0.8 mA. H-reflex and M-waves were recorded depending to the
stimulus strength seven times on each level. Maximum H-reflex (Hmax) and Mmax
were calculated by averaging the seven plotted H-reflexes of each level. To ensure
that the stimulus strength was applied at the increasing slope of the H-reflex
amplitude, the strength was reduced by 10%. 
H-reflexes were elicited during the stance phase, before the subject had to step over
the obstacle (Fig. 4.1). The reflexes were elicited during the early stance phase,
50ms after HS1 (electrical stimulation 1; ES1) and late stance phase, 700ms after
HS1 (ES2). Step cycle duration was set at 1.5 seconds. The treadmill speed was
adapted accordingly and varied between 2.0-2.6 km/h (mean ± sd: 2.34 ± 0.16
km/h). A constant cadence was achieved by using a metronome, positioned right
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next to the subject’s headphones. Subjects could hear the metronome well, without
hearing the noises coming from the obstacle machine. 
Peak to peak amplitude, latency and duration were calculated for both M-waves and
H-reflexes. Peak to peak amplitudes of the H-reflexes were normalized by dividing
H-reflex amplitudes by Mmax elicited in the static condition (H/M-ratio). Analysis
was performed when a clearly defined H-reflex or M-wave or both were found.
Measurements of an H-reflex without M-wave or vice versa were used and not
eliminated. An H-reflex without M-wave can be explained by a stimulus strength
below the motor threshold of the M-wave. Stimuli without any response (M-
wave/H-reflex) were not included in the further analysis.  
Onset and end H/M-ratio levels were calculated by averaging the first and the last
four H/M-ratios, respectively, for each subject per run. Differences in levels were
analyzed between onset and end values of one run and between end and onset values
of successive runs, e.g. the end value of run 2 and the onset value of run 3.
Differences were tested using paired-t-tests.
Corresponding to the performance measures, the course over time was analyzed by
calculating Pearson’s CC r between the number of steps (run 1, 2 and 5) or the
number of steps over the obstacle and the H-reflex measures. H-reflex latency and
duration were first normalized for each run and each subject by dividing them by
their mean. All measures were logarithmically transformed. Mean CCs were
calculated for all subjects using Fisher’s Z-transformation.
Again, differences in CCs between the runs were analyzed using repeated measures
ANOVA, which structure was selected using Akaike’s Information Criterion and
Schwarz’s Bayesian Criterion, and a Bonferroni correction. 
The whole experiment consisted of five runs (Fig. 4.1). Between each run, the
subjects had a break of 3-5 minutes. In the first two runs and the last run, subjects
performed normal treadmill walking wearing the glasses and earphones. H-reflexes
were elicited, 25 at early stance and 25 at late stance. The order of early (ES1) and
late (ES2) stimuli varied sequentially, starting with an early stimulus. During runs
three and four, subjects stepped 100 times over the obstacle. During these runs, 50
H-reflexes were elicited during the early stance phase and 50 in the late stance
phase.
4.2.5 Control experiments
Control experiments were performed in two subjects to investigate whether a
general focus on learning a new motor task could be the reason of possible
differences in H/M-ratios between the runs or whether these differences were due to
this specific motor learning task, i.e. stepping over the obstacle. The experiments
were performed under the same conditions (reduced vision and acoustic warning and
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feedback signals). After one control run with normal treadmill walking, subjects
performed two experimental runs with stepping over the randomly approaching
obstacle. Again, the interruption between these runs was 3-5 minutes. The obstacle
approached randomly between 10 and 16 seconds. H-reflexes were also elicited
during normal walking steps performed between the obstacle steps. Again, the
reflexes were released 50 and 700 ms after HS1. It was hypothesized that if a more
general focus on learning a new motor task would cause differences in H-reflex
responses, there would be no differences between the H-reflexes elicited in both
conditions. When differences occurred, changes in H-reflex responses would
indicate specific changes related to the obstacle task.
4.3 Results
The runs 1, 2 and 5 were performed without stepping over the obstacle. During these
runs 50 H-reflexes were elicited and the steps were analyzed similar to the runs 3
and 4, where subjects had to step 100 times over the obstacle and 100 H-reflexes
were recorded. Negative CCs indicate a decrease of the measure over the number of
steps.
4.3.1 H-reflex modulation during early stance
Figure 4.2 shows a representative individual example of the changes occurring in the
peak to peak amplitude of H-reflexes when a subject performed normal stepping
movements on the treadmill or stepped repetitively over the obstacle. CC calculated
for the normalized and logarithmically transformed data (rlog-log) are displayed next
to the slope (Fig. 4.2A) as well as the absolute value of the peak to peak amplitude.
Additionally, the slopes of four averaged H-reflex responses, i.e. the first (Fig. 4.2B)
and last (Fig. 4.2C) four H-reflexes of this run are shown.
In general H/M-ratios were relatively low, due to the low background activation
level of the SOL in these phases of the step cycle. All M-wave data were constant
throughout all runs, including the peak to peak amplitudes. Recordings without H
and M-responses occurred rarely, usually during late stance phase, randomly
distributed over the run.
As expected, the CCs of the H/M-ratio were in general low during runs 1, 2 and 5 (r
= 0.137, 0.199 and 0.153 respectively). The CC of run 4 was also low, but negative
(r = -0.119). Run 3 showed the highest, negative CC of -0.249. Repeated measures
ANOVA showed a significant difference between the runs (P < 0.01). Comparisons
between the runs separately, using the Bonferroni correction, showed significant
differences between the CCs of runs 3 and 1, 2 and 5 (for all P < 0.05). There was
no significant difference between the CCs for the measures latency and duration.
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Figure 4.2 Course of H-reflex responses during five runs
H/M-ratio of the H-reflex elicited 50ms after heel strike of one subject for control runs (runs 1, 2 and 5)
and for steps over the obstacle (runs 3 and 4). (A) Course of the H/M-ratio calculated for the number of
steps with fitted curve (power function). The correlation coefficients are displayed for the
logarithmically transformed data (rlog-log). (B) and (C) are averaged curves of the first (B) and last (C)
four curves recorded of the H-reflexes per run. The peak to peak amplitudes (a) are displayed in mV.
Between 30 and 60ms, the H-reflex responses appeared.
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The levels of the H-reflex amplitudes at onset and end are shown in figure 4.3. The
average level of the H/M-ratio at the onset of the first run was 0.052, the end level
was 0.079. In run 2, the onset level was 0.065, the end level was 0.054. Run 3
started significantly higher compared to run 2 (H/M-ratio = 0.092; P < 0.01) and
decreased significantly (H/M-ratio = 0.049; P < 0.05). The onset and end levels of
run 4 were 0.073 and 0.068 respectively, for run 5 they were 0.067 and 0.072. The
average onset latencies varied between 31.2 and 32.2 ms and the duration between
11.2 and 12.8 ms. No significant changes were found for both latency and duration
of the H-reflexes.
4.3.2 H-reflex modulation during late stance
Similarly to during early stance, the largest CC was observed during run 3 (r = -
0.187). The CCs calculated for runs 1, 2, 4 and 5 were -0.114, 0.094, -0.177 and -
0.183, respectively. Repeated measures ANOVA showed a significant difference
between the runs (P < 0.01). Pair-wise comparisons using Bonferroni’s correction
revealed a significant difference between runs 1 and 5 (P < 0.05). There was no
significant difference between the CCs calculated for the measures latency and
duration. 
When onset and end levels of the H/M-ratio were compared (Fig 4.3), the only
significant difference existed between the end level of run 2 (value = 0.045) and the
onset level of run 3 (value = 0.114; P < 0.05). No further significant differences
were detected. The averaged onset latencies varied between 31.2 and 32.1 ms and
the duration between 11.2 and 12.4 ms. No significant changes were found in both
latency and duration of the H-reflexes.
Furthermore, H-reflex amplitudes depend on the level of background EMG of the
SOL. The H-reflexes were elicited at the onset and end of the stance phase (minimal
SOL EMG activity), just before the step over the obstacle took place. Background
SOL EMG was evaluated by calculating the RMS for the same time interval where
the H-reflex responses were expected to appear, i.e. 50ms and 700 ms after HS. The
calculation was done for the steps where no H-reflexes were elicited in the early and
late stance phase. No changes in background SOL EMG were found throughout the
analyzed runs (Fig. 4.3). Thus, changes in modulation of H-reflex responses can
hardly be attributed to changes in background SOL EMG.
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Figure 4.3 H/M-ratios and background EMG activity
Levels of the H/M-ratios at onset and end of each run, as well as RMS values (in V) calculated for the
background EMG activity. Light grey: onset level of the run; dark grey: end level of the run. * P <
0.05; ** P < 0.01.
4.3.3 Obstacle experiment
The results of the obstacle experiment are shown in figure 4.4. Repeated measures
ANOVA showed a significant difference between the CCs of all runs for the RF,
while pair-wise comparison with a Bonferroni’s correction showed a significant
difference between runs 3 and 5. The CCs calculated for the BF were significantly
different between all runs, while runs 3 and 4 and runs 3 and 5 were also different in
the pair-wise comparison. There was no significant difference found for the TA (P =
0.07) and the GM (P = 0.31). For the ankle joint trajectories, a significant difference
was found between all runs, although pair-wise comparisons showed no significant
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difference. The adaptations in the knee joint trajectories differed between all runs,
while pair-wise comparison showed significant differences only between runs 3 and
1, 2 and 5. Furthermore, runs 3 and 4 differed significantly. A paired-t-test showed a
significant difference for the foot clearance between runs 3 and 4.
Figure 4.4 Mean correlation coefficients 
Correlation coefficients calculated between the number of steps (over the obstacle in runs 3 and 4) and
the different measures. Asterix after a measure indicates a significant difference between all runs for
that measure. * P < 0.05; ** P < 0.01 and *** P < 0.001.
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4.3.4 Control experiments
In a few control experiments possible differences in H-reflex modulation between
normal and obstacle stepping were evaluated. No differences were found between
the measurements in the two conditions within one run. There was no difference in
H-reflex response between steps over the obstacle and normal steps. 
4.4 Discussion
The aim of this study was to evaluate in how far the adaptational changes caused by
repetitive obstacle stepping were reflected in a modulation of the H-reflex in healthy
subjects. Mean findings are that during repetitive stepping over an obstacle (1)
performance improves and (2) H-reflex modulation occurs in the early stance phase.
It appears that the H/M-ratio increases strongly when a motor learning task starts
and reduces over the course of exercise. 
4.4.1 Obstacle experiment
According to the study of Erni and Dietz (2001), the performance of stepping over
the obstacle improves with repetition. The adaptational changes found (reduction in
muscle activity, lower foot clearance and more stable leg movement trajectories)
indicate that subjects adapted their walking pattern to a more economical and
efficient way of stepping over the obstacle. None of these effects can be attributed to
an increase of fatigue during the runs because there was no increase in obstacle hits
(1-2 per run, see also Erni and Dietz 2001). 
All measures adapted significantly during the third run compared to other runs,
except for the TA and GM EMG activity and the ankle joint trajectory. No
differences were found between run 4 and the control runs. This indicates that the
measures did not further improve during the second obstacle run, i.e. the subjects did
not step over the obstacle in a more efficient way.
4.4.2 Methodological considerations
When the linear CC of the H/M-ratio and its value at onset and end of run 2 were
compared, a contrast can be seen. The fact that the end value was slightly smaller
(0.054) than at the onset (0.065) would imply a negative CC. However, the CC was
positive (CC = 0.199). This difference is probably due to the calculation method of
both parameters. While the onset and end values were calculated by using only the
first and the last four values of the ‘raw’ H/M-ratio data, the CC was calculated
between the number of steps and all H/M-ratio’s using the normalized and
logarithmically transformed data.
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It was expected that modulation would occur for H-reflexes elicited in the late
stance phase, i.e. 700ms after HS1. However, while modulation of H-reflexes
associated with learning clearly existed when elicited during the early stance phase,
little modulation of H-reflex amplitudes was observed when elicited during late
stance phase. Due to the fact that the warning stimulus was given at the onset of
HS1, it was expected that if a task specific modulation would occur, 50ms would be
a too short period for the CNS to induce a H-reflex modulation. 
One reason for the lack of H-reflex modulation during the late stance phase could be
that the results were confounded by the influence of (small) differences in step
length. Although subjects walked with the same cadence using the metronome,
small differences in length and timing of (parts of) the step cycle can not be
excluded. Due to the normal modulation of the H-reflex (the H-reflex amplitude
decreases strongly at the end of the stance phase), relative large differences in
amplitude could be due to differences in the relative timing of H-reflex appearance. 
4.4.3 Differences in H-reflex modulation associated with learning
In the present study, it was observed that adaptational changes caused by repetitive
obstacle stepping are reflected in a modulation of the H-reflex in healthy subjects.
This is in line with the literature that spinal reflex modulation is involved in learning
and maintaining motor skills (Meyer-Lohmann et al. 1986; Myklebust et al. 1986;
Nielsen et al. 1993). More comparable to the present study, it was suggested that
adaptive changes observed during the acquisition of a specific locomotor task like
hopping on one leg in different conditions or split-belt walking might be due to
changes on a spinal level (Anstis 1995; Prokop et al. 1995). 
The adaptational changes in H-reflex amplitude observed here can hardly be
attributed to the acoustic warning signal indicating an obstacle trial. The short period
of 50ms between the warning signal and the enhanced reflex amplitude, combined
with the result of the control experiment that within a run, the reflex amplitude was
the same for normal and obstacle steps, indicate that the assessed changes are rather
due to a more general focus on learning a new locomotor task. Such a supraspinal
influence on spinal reflex behavior is in line with suggestions made on H-reflex
conditioning (Wolpaw 1997).
H-reflex modulation occurred with a short-lived increase of reflex amplitude at
onset of the first obstacle run, and a strong decay during the initial adaptation to the
new task. The H-reflex is frequently employed to reflect changes in spinal neuronal
circuits (operant conditioning). During operant conditioning, subjects or animals
become rewarded when reflex amplitudes are above (up-training) or below (down-
training) a criterion value. H-reflex conditioning and motor learning as it occurs in
normal life are closely linked with each other (Wolpaw and Tennissen 2001). Both,
H-reflex conditioning and learning can be attributed to a CNS plasticity at multiple
54
sites. Operant conditioning of the H-reflex and of the stretch reflex has provided
evidence of an activity-dependent spinal cord plasticity in rats (Chen and Wolpaw
1995), monkeys (Wolpaw et al. 1983) and humans (Evatt et al. 1989; for review see
Wolpaw 1997). During conditioning, H-reflex amplitudes change over days and
weeks. 
This adaptation appears to occur in two phases in primates (Wolpaw and O’Keefe
1984). A small, rapid phase in the first few hours or days and a much slower second
phase that continues for weeks. The first effect observed in the present study, i.e. the
immediate increase in H-reflex amplitude at the onset of the first obstacle run is
suggested to correspond to this short first phase. These fast reflex modulations might
be attributed to descending influence on the spinal reflex arc. In previous studies it
was assumed that the corticospinal tract plays an essential role in this influence in
rats (Chen and Wolpaw 1997; Chen et al. 2000), as well as in non-human primates
(Wolpaw and Dowman 1988) and humans (Segal 1997). This plasticity might occur
within spinal interneurons mediating presynaptic inhibition of Ia afferents (Wolpaw
1997) causing an immediate increase in H-reflex amplitudes at the onset of learning
the new locomotor task. 
The second effect observed in the present study, the decrease in H-reflex amplitude
during the learning process, might reflect the descending influence during the course
of motor learning. It might even be speculated that the newly acquired task, i.e.
repetitive stepping over the obstacle, becomes successively automatically performed
and controlled on a spinal or brainstem level. This stage might be reflected in the
normalization and stabilization of the H-reflexes observed during run 4 and might
correspond to the second, slower phase (Wolpaw 1997). It remains open for future
studies, investigating long term obstacle stepping, whether changes of H-reflexes in
such a task can be associated with long-term changes in the excitability of spinal
neuronal circuits. 
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Chapter 5 
The influence of age on learning a locomotor task*
5.1 Introduction
Re-learning gait is an important topic in the field of rehabilitation. Elderly subjects
are especially vulnerable for gait-impairing disorders, like hip fractures (annual
incidence of 300.000 in the USA (U.S. Congress 1994)) and strokes (annual
incidence 880.000 (Ovbiagele et al. 2003)). Knowledge about locomotor task
performance and learning in the elderly is, therefore, important in optimizing
rehabilitation strategies. The control of posture and gait differs between young and
elderly subjects. The elderly appear to depend more on cognitive capacity and visual
input (for reviews see Mulder et al. 2002; Woollacott and Shumway-Cook 2002).
Elderly subjects that need to stop walking when they start talking show an increased
falling risk (Lundin-Olsson et al. 1997). This indicates that enhanced cognitive
capacity is required to combine walking and talking. Furthermore, the elderly show
an increased dependency on vision, when experiencing reduced or conflicting
sensory inputs (Woollacott et al. 1986; Teasdale et al. 1992). This might be caused
by an impairment of proprioceptive mechanisms at higher ages (e.g. Dietz and
Colombo 1998). 
Although derived from upper limb studies, it appears that task performance is
impaired in the elderly, but the acquisition of skill learning is not (Durkin et al.
1995). More accurately, learning non-declarative tasks is not affected by age, while
learning declarative tasks, which require conscious processing, is (Bock and
Schneider, 2002; McNay and Willingham 1998). Analogous to motor control, it is
suggested that sensorimotor adaptation seems to be associated with a higher
computational load in the elderly (McNay and Willingham 1998). We wondered
whether acquiring a locomotor skill in the elderly is also specifically influenced by
visual input, as elderly subjects frequently suffer from impaired proprioceptive input
and therefore have to rely more on visual information. Since improving motor skills
depends strongly on task-intrinsic feedback, one might expect that due to the
impaired proprioceptive feedback in the elderly, restricting visual feedback might
negatively influence locomotor learning. There is no information available about
this problem.
                                                
*From: Van Hedel HJ, Dietz V. (2004) The influence of age on learning a locomotor task. Clinical
Neurophysiology (In press).
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Therefore, the aim of the present experiment was to investigate whether there are
differences between young and elderly subjects in acquiring and accurately
performing the task of stepping over an obstacle as low as possible, without
touching it (Erni and Dietz 2001; Van Hedel et al. 2002). The task is particularly
relevant, since obstacle avoidance is a common cause of falls in the elderly (Blake et
al. 1988; Campbell et al. 1990). In fact, 50% of the falls in the elderly occur during
locomotion (Maki and McIllroy 1996). It is known that elderly subjects experience
more problems in performing such a task under conditions of shared attention (Chen
et al. 1996) or reduced response time (Chen et al. 1994). However, in the present
study, we investigated whether young and elderly subjects differ not only in the
performance, but also in the acquisition of the locomotor task. We hypothesize that
task-performance is worse for the elderly compared to young subjects with and
without visual feedback and that the elderly are less able to re-optimize a previously
acquired performance level with restricted visual input. 
5.2 Methods
5.2.1 General procedures and recording methods
The study was approved by the local Ethics Committee and conformed to standards
set by the Declaration of Helsinki. The subjects were informed about the
experiments and gave written consent. According to the anamnesis, none of the
subjects had any neurological, cardiovascular and orthopedic diagnoses. However,
cognitive tests, for example to recognize subtle not-age-related impairment in spatial
memory were not performed. All subjects were naïve to the purpose of the study.
The subjects in both groups were matched for gender (seven males and two females)
and all subjects were community dwelling. The average age of the young subjects
was 22.7 ± 2.54 years (range 20 – 27 years) and of the elderly 63.3 ± 6.93 years
(range 59 – 81 years). 
The whole experiment consisted of three runs, each consisting of 50 steps over the
obstacle and lasting about 12 minutes. Before the experiment started, the volunteers
received instruction about the experiment and were familiarized with the approach.
They could observe how the investigator stepped five times over the obstacle and
received the acoustic warning and feedback signals. The loudness of the acoustic
signals was adjusted for each subject individually. Between each run, the subjects
had a break of five minutes. During the first two runs, all subjects had normal visual
input and received the acoustic warning and feedback signals. In the third run, the
subjects wore special glasses that prevented input from the lower visual field
(including the obstacle machine), i.e. they had to rely now on the acoustic warning
signal that indicated the appearance of the obstacle. 
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5.2.2 Recording methods
The methodological approach of obstacle stepping has been described previously
(Erni and Dietz 2001; Van Hedel et al. 2002). In brief, the subjects walked on a
split-belt treadmill (Woodway, Weil am Rhein, Germany) with a speed of 0.69 ms-1.
A custom-built obstacle-machine was placed next to the treadmill (Fig. 5.1A) in
order to study repetitive stepping over the obstacle. The obstacle consisted of a foam
stick, 11 cm above the treadmill. It was attached to the obstacle machine in such a
way that it folded back by slight touch and caused no stumbling. Eight one-
dimensional force sensors (Kistler, Winterthur, Switzerland) were located under
each corner of the left and right treadmill belts (Fig. 5.1A). The force sensors
located underneath the right belt were used to indicate heel strike (HS1) of the right
foot. HS1 started (1) the movement of the obstacle (Fig. 5.1B) and (2) the recording
of the several measures. (1) After release, the obstacle moved with the same speed
as the treadmill and the subjects could step with the right foot over the obstacle
without changing the rhythm of their walking cadence. A short beep of 100 ms
duration that was provided at the middle of the stance phase (33% of the step cycle)
served as a warning signal and indicated the approaching obstacle. After the subject
had stepped over the obstacle, the obstacle folded up at the end of the treadmill and
moved back to its starting position. The time between obstacle steps varied
randomly between 9 and 16 seconds, i.e. 6 to 11 normal step cycles. 
(2) Recorded were (a) EMG signals, (b) joint movements, (c) vertical forces exerted
by the subject on the treadmill, (d) the distance between the foot and the obstacle
and (e) the number of obstacle hits. (a) EMG signals of four muscles of the right leg
were recorded using surface electrodes: the rectus femoris (RF), biceps femoris
(BF), tibialis anterior (TA) and gastrocnemius medialis (GM) muscles. The EMG
signals were amplified, band-pass filtered (30-300 Hz) and transferred together with
the bio-mechanical signals to a PC using Soleasy software (ALEA Solutions GmbH,
Zurich, Switzerland) via an analogue-to-digital converter. The signals were, as all
measures, sampled at 1000 Hz. (b) Ankle, knee and hip joint movements of the right
leg were monitored using electrogoniometers (Biometrics Ltd, Gwent, United
Kingdom) fixed at the lateral aspect of each joint. (c) The vertical forces measured
by the force sensors underneath the treadmill were used to determine HS1, toe off
before stepping over the obstacle (TO1), heel strike after stepping over the obstacle
(HS2) and second toe off (TO2; Fig. 5.1B). (d) The level of foot clearance was
determined by a vertical linear array of eight light sensitive diodes, which were
attached to the obstacle machine above the foam stick. The lowest diode was placed
2 cm above the obstacle and the distance between each diode was 2 cm (3 cm for the
upper two light sensitive diodes, Fig. 5.1A). The signal of the lowest activated diode
was recorded for each step over the obstacle. Furthermore, the lowest activated
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diode gave an acoustic feedback signal to the subject, informing him about the foot
clearance. A greater foot clearance was signaled by a higher acoustic feedback
signal. When the lowest diode was activated (optimal foot clearance), a double-beep
signal (707 and 1400 Hz sinusoidal signal, 600 ms duration) was applied. The other
feedback signals consisted of single beeps (125, 176, 250, 354, 500, 707 and 1000
Hz rectangular signal of 400 ms duration for the second lowest to the highest diode,
respectively). (e) Obstacle hits were recorded using the obstacle machine. 
Figure 5.1 Experimental set-up
Schematic drawings of the experimental set-up: (A) subject stepping over the obstacle with the right leg
leading first. (B) Timing of all events during a single step over the obstacle. Abbreviations: HS, heel
strike before (HS1) or after (HS2) stepping over the obstacle; TO, toe off before (TO1) or after (TO2)
stepping over the obstacle; AWS, acoustic warning signal indicating the approaching obstacle; AFS,
acoustic feedback signal indicating the level of foot clearance.
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5.2.3 Data analysis
The EMG signals were rectified and for each step over the obstacle, the EMG
amplitude was calculated using the root mean square (RMS), which was determined
for an interval between TO1 and TO2 (Fig. 5.1B, see also Erni and Dietz 2001; Van
Hedel et al. 2002). EMG recordings containing movement artifacts were removed
from the analysis. Most movement artifacts occurred in RF (on average less than 3
out of 50 steps). For the interval between TO1 and HS2, the range of motion (ROM)
for each joint movement signal was calculated. The duration of the swing phase was
determined by assessing the time interval between TO1 and HS2 using the ground
reaction forces (Fig. 5.1B). The foot clearance was measured using the light
sensitive diodes. When an obstacle hit occurred, the foot clearance measurement
was removed from the data analysis. Only obstacle hits that occurred between TO1
and HS2 were evaluated. 
In general, improvement in performance during repetitive obstacle stepping occurred
when the various measures decreased (Erni and Dietz 2001), i.e. (1) smaller RMS
values for leg muscle activation, (2) decreased ROMs of the several joints, (3) a
shortening of the swing phase duration over the obstacle, (4) a lower level of foot
clearance over the obstacle, and/or (5) a decrease in obstacle hits. In the present
study, adaptation is defined as the process that occurs during the optimization of the
performance of a new task. Learning is defined as a more permanent improvement
in performance, which can be inferred when the performance level achieved at the
end of a run can be maintained in a following run. 
The performance curves of the measures (RMS of RF, BF, TA and GM, ROM of
hip, knee and ankle joint trajectories, foot clearance and swing phase duration) could
be described by a power function (Snoddy 1926). Power functions show a linear
relationship between the logarithm of practiced trials and the logarithm of the
performance measure. After logarithmic transformation, the relationship between the
number of steps over the obstacle and the performance measures became linear and
statistical methods that investigate linear relationships could be used to analyze
these data.  The regression coefficient b1, which is the slope of the linear regression
equation (y = b1x + b0), described the adaptational rate. A negative value for b1
indicated a decrease of the measure over the number of steps over the obstacle and
implied an improvement in performance of that measure. A value close to zero
indicated minor changes during the run. The values for all muscles were analyzed
together, as well as the values for all joints using analysis of variance (ANOVA) for
repeated measures. Mean values were calculated for each subject and run for visual
interpretation. These values should indicate the adaptational changes over time of
the general muscle activity and leg kinematics. Obstacle hits were analyzed by
comparing the frequencies of obstacle hits per run per group. 
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5.2.4 Mean onset and end values
Mean onset and end values were calculated by averaging the values of the first and
last four steps of each measure for each subject for each run. The averaged onset
value of the first run was set at 100%. All other mean onset and end values were
normalized by this value and were presented as a percentage of it. 
5.2.5 Training and transfer values
‘Training’ values were calculated between runs with identical conditions, i.e. runs 1
and 2. ‘Transfer’ values are by definition between two different conditions and were
calculated between runs 2 and 3, i.e. with full and reduced visual input. Both values
are important in determining the learning effect. The values were calculated by
using the previously described mean onset and end values in the following equation:
1 – [(Current run, mean onset value – Previous run, mean end value) / Current run,
mean onset value]
Training or transfer values of 1 indicated that at onset of the current run, the subject
performed the task at an equal level compared to the end of the previous run.
Therefore, the value of 1 could be interpreted in the sense that 100% of the measure
could be transferred to the following run. A value smaller than 1 indicated a worse
performance at the onset of the new run compared to the end of the previous run.
For example, a transfer value of 0.80 indicated that 80% of the performance level at
the end of the previous run could be transferred to the new run. 
5.2.6 Statistical analysis
The regression coefficients and the number of obstacle hits were analyzed using
ANOVA for repeated measures with two levels of the between-subjects factor
(young versus elderly) and three levels of the within-subject factor (runs 1, 2 and 3)
and their interaction. The mean onset and end values were also analyzed using
ANOVA for repeated measures, however, the within-subject factor had six levels
(the onset and end values of runs 1, 2 and 3). Pair-wise comparisons were adjusted
using Bonferroni’s correction. 
For the training and transfer values, the statistical difference between 1 and the
training or transfer level was determined (T-test with unequal variances). For all
analyses, α was set at 0.05.
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5.3 Results
5.3.1 Number of obstacle hits
Obstacle hits occurred in both groups of subjects, however less in the young group.
Repeated measures ANOVA showed a significant difference in obstacle hits for run
(F (2,30) = 28.71; P < 0.0001), age (F (1,15) = 17.70; P < 0.001) and their
interaction (F (2,30) = 4.55; P < 0.05). Pair-wise comparisons showed that the
elderly touched the obstacle more frequently in the third run (mean: 7.8; range: 2-
11) compared to the first (mean: 1.6; range: 0-9) and second (mean: 0.6; range: 0-5;
for both, P < 0.0001) runs. The young subjects touched the obstacle during the
second run on average 0.4 times (range: 0-2) and more frequently in the third run
(mean: 3.2; range: 0-6) compared to the first run (mean: 0; range: 0; P < 0.05). The
young subjects touched the obstacle less frequently in the third run, compared to the
elderly subjects (P < 0.01). The number of obstacle hits, the hip joint angle and foot
clearance could not be analyzed in one elderly subject, due to technical difficulties. 
5.3.2 Adaptational rate of the different measures
Figure 5.2A shows an individual example of the changes in BF EMG activity during
repetitively stepping over the obstacle. Figure 5.2B shows the double
logarithmically transformed data from 5.2A. The 59 years old woman showed a
stronger adaptation during the first and the third run (reflected in larger, negative
regression coefficients (b1s)) compared to the second run. This indicates that during
the first run (Fig. 5.2a), adaptations occurred during stepping over the obstacle
associated with a decrease in BF EMG activity (b1 = –0.171). During the second run
(Fig. 5.2b), no further adaptation occurred (b1 = –0.028). This indicates that the
subject had reached a stable level. In the third run (Fig. 5.2c), the subject had to
walk with restricted vision. In this condition, the BF EMG activity was stronger at
onset of the run and decreased over time (b1 = –0.061), indicating a new adaptation
in muscle activity. 
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Figure 5.2. Adaptational changes in BF EMG activity during three successive runs
Biceps femoris (BF) EMG activity of an elderly subject (59 years old) during repetitive stepping over the
obstacle. (A) Graph with the relationship between the number of steps over the obstacle (horizontal axis)
and BF RMS amplitude (vertical axis). (B) Double logarithmically transformed data from (A), showing the
slope of the linear regression curve (b1). A negative b1 value indicates the amount of adaptation during the
respective run. (a) First run, with full vision, (b) second run, identical condition and (c) third run with
restricted visual input.
Figure 5.3 shows the mean adaptational rate of all measures from all subjects.
Shown in figure 5.3A are the adaptational changes, indicated by the b1s, of the foot
clearance. ANOVA for repeated measures showed a significant difference between
the runs (F (2,29) = 6.11; P < 0.01). During the first run, foot clearance decreased
strongly in both young and elderly subjects. During the second run, this continued
for the elderly, but to a lesser degree. A small positive b1 value indicated that the
young subjects had reached a stable performance level. During the third run, the foot
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clearance decreased again in the young subjects. In the elderly however, a larger
positive b1 value indicated that foot clearance increased rather than decreased during
this run with restricted vision.
Figure 5.3. Mean regression coefficients calculated for all measures and all subjects
Mean regression coefficients (b1s) and standard deviations calculated for (A) the foot clearance, (B) the
muscle EMG activity of RF, BF, TA and GM, (C) range of motion (ROM) of the hip, knee and ankle joints
and (D) the duration of the swing phase. A negative b1 indicates a decrease (adaptation) of the respective
measure during that run. *: P < 0.05; **: P < 0.01; ***: P < 0.001.
Figure 5.3B shows the analysis of the b1s for all muscles together. A significant
difference was found between the runs (F (2,32) = 10.87; P < 0.001). For the elderly
subjects, the decrease in muscle EMG activity was not significantly weaker in run 2
compared to run 1 (P = 0.057) and significantly weaker compared to run 3 (P <
0.05). Analyzing the b1s calculated for the muscles separately revealed significant
differences between the runs of the RF (F (2,32) = 3.92; P < 0.05), TA (F (2,32) =
4.22; P < 0.05) and GM (F (2,32) = 5.75; P < 0.01) muscles.
64
Figure 5.3C shows the analysis of the b1s for all joints together. Significant
differences between the runs (F (2,32) = 5.89; P < 0.01) and in the interaction
between runs and groups  (F (2,32) = 6.55; P < 0.01) were found. In the elderly
subjects, the decrease in ROM of all joints was stronger during the first run
compared to the third run (P < 0.001). Analyzing the joints separately resulted in
significant differences between the runs (F (2,32) = 3.39; P < 0.05) and the
interaction (F (2,32) = 5.02; P < 0.05) for the knee joint. Furthermore, the elderly
showed a stronger decrease in knee joint ROM in the first (b1 = -0.048 ± 0.039)
compared to the third run (b1 = 0.024 ± 0.059; P < 0.01). There was no significant
difference for the b1s of the swing phase duration (Fig. 5.3D).
5.3.3 Mean onset and end values of the different measures
Figure 5.4 shows the mean onset and end values for the three runs. The averaged
foot clearance (Fig. 5.4A) end value of the first run was lower than the onset value
in both the young (P < 0.01) and elderly subjects (P < 0.05). An increase in foot
clearance occurred from run 2 to run 3 (young: P < 0.05; elderly: P < 0.01). Only the
young subjects showed a significant decrease in foot clearance during restricted
vision (run 3; difference between onset and end values: P < 0.05).
When the averaged percentile onset and end values of all muscles (Fig. 5.4B) were
analyzed for the first run, the end value was lower compared to the onset value for
the elderly subjects (P < 0.001). Restricted vision resulted in both groups in an
increased muscle activity at the onset of the third run (for both young and elderly: P
< 0.0001) which successively dropped down during the run (again for both groups:
P < 0.0001). 
With respect to all joints (Fig. 5.4C), the onset value of the third run was larger
compared to the end value of the second run (P < 0.001) for the elderly subjects. 
The percentile swing phase duration (Fig. 5.4D) values increased at the onset of run
3 (restricted vision; both groups: P < 0.0001), while the end values of the third run
were again lower compared to the onset values (young: P < 0.01; elderly: P <
0.0001).
65
Figure 5.4. Mean onset and end values calculated for all measures and all subjects
The mean onset and end values (with standard deviations) were calculated for (A) foot clearance, (B)
muscle EMG activity, (C) range of motion (ROM) of the joints and (D) duration of the swing phase. For
(B) to (D), the values are expressed as a percentage of the onset value in the first run. *: P < 0.05; **: P <
0.01 and ***: P < 0.001. Note the different calibrations of the y-axis.
5.3.4 Training and transfer values
Table 5.1 shows the training and transfer values that were calculated using the mean
onset and end values of figure 5.4. None of the training values differed significantly
from 1.
The transfer values (between runs 2 and 3) were less than 1 for both groups for the
measures foot clearance (both groups: P < 0.01), muscle EMG activity (both groups:
P < 0.0001) and swing phase duration (young: P < 0.001; elderly: P < 0.0001). This
indicates that both young and elderly subjects experienced difficulties to transfer the
adaptation gained during runs 1 and 2 to the condition where vision became
restricted. Additionally, the elderly subjects showed a significant lower transfer of
the joint ROM (P < 0.01). When muscle and joint values were calculated separately,
both the young and elderly subjects experienced difficulties to transfer RF (both
groups: P < 0.0001) and BF EMG activity (young: P < 0.01; elderly: P < 0.001), as
well as knee joint ROM (young: P < 0.001; elderly: P < 0.01) to the condition with
restricted vision. Furthermore, the elderly subjects showed a significant lower
transfer of the GM EMG activity (P < 0.01). 
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Table 5.1. Mean training and transfer values with standard deviations
Young subjects Elderly subjects
Training effect Transfer Training effect Transfer
FC 1.011 ± 0.297 0.549 ± 0.203 1.174 ± 0.456 0.611 ± 0.363
Muscle 1.010 ± 0.215 0.756 ± 0.299 1.041 ± 0.212 0.739 ± 0.317
RF 0.951 ± 0.196 0.468 ± 0.250 1.074 ± 0.294 0.518 ± 0.163
BF 1.112 ± 0.273 0.657 ± 0.292 0.981 ± 0.228 0.580 ± 0.219
TA 1.028 ± 0.245 0.957 ± 0.179 1.052 ± 0.120 1.068 ± 0.324
GM 0.950 ± 0.098 0.942 ± 0.152 1.058 ± 0.194 0.791 ± 0.230
Joints 1.020 ± 0.105 0.947 ± 0.177 1.017 ± 0.109 0.886 ± 0.221
Hip 1.033 ± 0.135 0.974 ± 0.101 1.003 ± 0.106 0.879 ± 0.301
Knee 1.051 ± 0.069 0.827 ± 0.118 1.010 ± 0.102 0.866 ± 0.107
Ankle 0.976 ± 0.098 1.040 ±  0.226 1.037 ± 0.128 0.911 ± 0.246
Swing 0.979 ± 0.086 0.811 ± 0.128 1.034 ± 0.041 0.787 ± 0.169
Training (between two runs with identical conditions) and transfer values (between two runs with
different conditions: full and restricted vision). A training or transfer value of 1 indicated similar
performance at onset of the current run compared to the end of the previous run. Values significantly
different from 1 were printed in bold. Abbreviations: FC: foot clearance; RF: rectus femoris; BF:
biceps femoris; TA: tibialis anterior; GM: gastrocnemius medialis; swing: swing phase duration.
5.4 Discussion
The aim of this study was to evaluate differences between young and elderly
subjects in the acquisition and performance of a locomotor task, i.e. stepping over an
obstacle, with and without visual feedback. Visual information was provided about
the approaching obstacle during two runs. However, the subjects had to rely mainly
on tactile and proprioceptive inputs to control the leg movement trajectories for the
performance of the task during the third run. 
The main results were the following. (1) With vision, the task-accuracy (i.e. the
measures foot clearance and number of obstacle hits) improved significantly in both
groups and could be maintained between the first and second run, which indicates
that both groups learned the task in a similar way. There were no basic differences in
adaptation of muscle activity, joint kinematics or swing phase duration. (2) The
performance of both groups differed. The young subjects touched the obstacle less
frequently compared to the elderly. (3) In both groups, the performance became
negatively influenced, when vision became restricted. (4) Without vision, only the
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elderly were not able to improve foot clearance. This indicates that not only the
performance, but also the acquisition of this locomotor task is more influenced by
vision in the elderly, compared to young subjects. 
5.4.1 Age related influence on the accuracy of the task
Since both groups improved the task accuracy with visual input, one might suggest
that learning occurred in both groups. When vision became restricted, the task
performance decreased in both groups. This is in line with the observation that
during obstacle stepping under more natural conditions, visual information about
limb position and movement is used online to fine-tune the swing limb trajectory
(Patla et al. 1996). In the present study, the subjects relied even more on visual
information, since minimizing foot clearance was the goal of the task. The lack of
adaptation of foot clearance during the third run and the increased number of
obstacle hits in the elderly subjects indicate that the acquisition of the task was
impaired without visual feedback. In contrast, the young subjects were again able to
adapt the level of foot clearance towards a new optimal level. Obviously, the young
subjects could better use the acoustic (foot clearance) and tactile (obstacle hit)
feedback to improve the accuracy of the movement. Sensing position and velocity
during movement depends strongly on proprioceptive feedback. Improvement of
motor performance in the young subjects is based on a combination of motor
commands with feedback by muscle-spindle activity (Cordo et al. 1995; Dietz 2002,
Lackner and DiZio 2000). The finding that leg muscle proprioception contributes to
adaptive control during locomotion (Sorensen et al. 2002) and the observation that
age negatively affects position and velocity sense during leg movement
(Verschueren et al. 2002) might contribute to the reduced accuracy and the lack of
re-optimization of the performance in the elderly found here. Other factors such as
age-related alterations in processing and integration of sensory inputs (for review
see Verdu et al. (2000)) might be involved as well. 
With restricted vision, performance of the high precision locomotor task was poorer
in the elderly subjects. The finding that foot clearance increased as did the number
of obstacle hits might seem a contradiction. The increased foot clearance can be
explained by an attempt of the elderly to step more cautiously over the not visible
obstacle. The increased number of obstacle hits might be explained by the finding
that even with vision, elderly subjects step in a riskier manner, i.e. with lower toe
clearance over an obstacle (McFadyen and Prince 2002) or onto a step (Begg and
Sparrow 2000). Therefore, it appears that the known natural behavior has influenced
the results obtained here in a negative way. Furthermore, these findings indicate that
despite sufficient sensory information, elderly subjects might be less able to use it
(McFadyen and Prince 2002).   
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5.4.2 Age related influence on leg muscle activation
Only minor differences in leg muscle activation were observed. Under visual
control, young and elderly subjects were well able to adapt the performance of the
task with more precision and efficiency. In the elderly, muscle activity became
reduced during the first run and remained on a more stable level during the second
run. This indicated that they adapted to a more efficient way of stepping over the
obstacle (Erni and Dietz 2001; Van Hedel et al. 2002). The young subjects showed
less adaptation in leg muscle activity, which might indicate that they performed
more efficiently from the onset. 
Both elderly and young subjects showed a strong increase in muscle activity when
vision became restricted. However, although the task-accuracy did not improve
during the third run, the EMG activity decreased over time in the elderly.
Interestingly, the GM activity increased strongly in the elderly at onset of the third
run, although the GM muscle is not directly involved in the task of stepping over the
obstacle. We hypothesize that this increase in GM activity occurred for a better
maintenance of balance. GM activity is suggested to be responsible for the fine-
tuning of stabilization of the body’s center of mass during locomotion (Winter 1991;
Yang et al. 1991). Furthermore, in elderly subjects, an impaired load sensitivity of
the antigravity muscles compared to young subjects was described (Dietz and
Colombo 1998). Since load receptor feedback is thought to be essential for
maintaining body equilibrium during gait (Dietz et al. 1989), we suggest that an
impaired load sensitivity in the elderly might contribute to the gait impairment seen
in this group. 
5.4.3 Age related influences on kinematics
Furthermore, differences for kinematics, i.e. ROMs of several joints, between the
young and elderly subjects were found. The young subjects needed minor
adaptations during the three runs, i.e. the movement trajectory appeared to be about
optimal from onset of the experiment on. The elderly adapted their kinematics
slightly during the first run, which might indicate that they started on a lower
performance level.
When the elderly turned from full to restricted vision, the ROM of all joints was
increased. The increased movement amplitudes did not decrease during the third
run. Elderly subjects are known to have difficulties in the ability to change to a
condition with reduced sensory input (Teasdale et al. 1993). Furthermore, the
differences in kinematics in elderly subjects might reflect the effect of anxiety
regarding balance (Tinetti et al. 1994; Brown et al. 2002). The increase in knee joint
ROM in both groups with restricted visual input is in line with the observation that
stepping higher over an obstacle requires an enhanced knee flexion (Patla and
Rietdyk 1993). Furthermore, an increase in foot clearance results in a greater travel
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path (Patla and Rietdyk 1993), i.e. an increase in swing phase duration at onset of
the third run. 
5.4.4 Methodological considerations
The walking speed in this study was considerably slower compared to the usual
walking speed (Kerrigan et al. 1998). This was done to minimize fatigue, especially
in the elderly. Furthermore, at higher walking speed, the reaction time between the
acoustic warning signal and stepping over the obstacle becomes shorter. A reduced
reaction time negatively affects performance during obstacle avoidance in the
elderly (Chen et al. 1994). Finally, in future studies, a comparison with results
derived from subjects undergoing a rehabilitation program is planned. However, the
slow walking speed might have negatively influenced the task performance of the
elderly. Elderly subjects place the foot of the trailing leg further away from a raised
surface (Begg and Sparrow 2000) or an obstacle (Chen et al. 1991). This results in
an increased travel path of the leading leg. Both a slow walking speed and an
increased travel path could have resulted in an increased duration of the single
support phase of the trailing leg. Elderly subjects experience more problems in
single support balance, especially with restricted vision (Choy et al. 2003), which
might have negatively affected the performance of the leading leg. Nevertheless,
these findings are suggested to affect the results only to a minimal degree, since the
swing phase duration decreased clearly with restricted vision, while foot clearance
did not. However, an increased attentional demand evolves in parallel to increased
balance requirements during walking (Lajoie et al. 1993). In elderly subjects,
walking requires more attention than in young subjects (Mulder et al. 2002;
Woollacott and Shumway-Cook 2002) and a limit in working memory capacity
might be responsible for the poorer task performance in the elderly. 
5.4.5 Age related effects on learning a locomotor task 
In conclusion, healthy elderly subjects are well able to acquire the task of high
precision obstacle stepping when full visual information is provided. They can
quickly adapt kinematics and muscle activity to the task and improve the accuracy
of performance in a similar way as young subjects do. However, in contrast to the
young subjects, they can not improve the accuracy of the task when vision becomes
restricted. This is in line with the observation that during locomotion, elderly
subjects rely mainly on visual control (Mulder et al. 2002; Woollacott and
Shumway-Cook 2002), due to for example impaired proprioceptive feedback
mechanisms. In addition, elderly subjects might be less able to use the available
sensory information.
Re-learning adaptive locomotor control in elderly subjects represents an important
aspect of the rehabilitation process in many patient groups. The present findings
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suggest that especially in the elderly, therapeutical attention should be directed
towards optimizing the use of the remaining sensory and especially proprioceptive
inputs. This might be achieved by integrating visual and reduced-visual exercise
conditions in the rehabilitation program.
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Chapter 6
Limits of locomotor ability in subjects with a spinal cord injury*
6.1 Introduction
Assessment of the recovery of functional walking is an important issue in the
rehabilitation of subjects with a spinal cord injury (SCI). It is needed to evaluate
therapeutical approaches, such as body weight supported (automated) treadmill
training (Colombo et al. 2000, 2001; Dietz et al. 1994; Hesse et al. 2003; Wernig
and Muller 1992) to assess their effects on functional outcome (Dietz 2001; Wirz et
al. 2001). In SCI, clinical assessment tools have been developed for evaluating
qualitative aspects of gait (Walking Index for Spinal Cord Injury, WISCI; Ditunno
Jr. et al. 2000; Ditunno and Ditunno Jr. 2001) or quantitative ones, such as timed
walking tests (Van Hedel et al. 2004). However, these clinical assessments
concentrate on straight unobstructed walking and do not assess the possibility to
adapt the gait pattern to the behavioral goals of the patient and the environmental
constraints (Forssberg 1982; Ladouceur et al. 1997; Lajoie et al. 1999), which
should be the final goal of rehabilitation (Ladouceur et al. 2003). Indeed, it is still
largely unknown to what extent patients with a SCI could adapt to external demands
(Barbeau et al. 2002) or whether SCI subjects experience differences in the
acquisition of adaptive locomotor tasks during or after the rehabilitation program.
Since improvement in motor performance strongly depends on feedback
mechanisms, it could be expected that locomotor learning might be affected in SCI
patients, since tactile and proprioceptive inputs are often impaired in SCI, as well as
motor function. 
Previously, Mulder and Geurts (1993) introduced a task set for recovery assessment,
in which four categories were defined: (a) In the basic condition, simple
straightforward gait on a flat level could be tested. (b) Cognitive manipulations
tested noise conditions and dual-task performance during gait. (c) Perceptual
manipulations investigated the effect of a reduction in the quality of visual
information. (d) The introduction of sensorimotor manipulations should test the
highest recovery stage (e.g. avoiding visible and unexpected obstacles). Some
studies have investigated the locomotor capacity of patients with a SCI. It appeared
that they walk with more attentional demand (Lajoie et al. 1999) and use different
kinematic strategies when stepping over obstacles (Ladouceur et al. 2003) or
                                                
* From: Van Hedel HJ, Wirth B, Dietz V. (submitted) Limits of locomotor ability in subjects with a
spinal cord injury.
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walking uphill (Leroux et al. 1999). Furthermore, they can adapt gait speed, but only
within a limited range and they are unable to increase stride frequency (Pepin et al.
2003a). 
The present study is the first attempt to investigate the acquisition and performance
of adaptive locomotion in patients with SCI who have regained walking function.
We used several experimental paradigms to investigate the level of locomotor
performance (1) in the basic condition, (2) when influenced by a perceptual
manipulation and, (3) when influenced by a sensorimotor manipulation. For the
latter, the acquisition of the skill was also investigated. We hypothesized that (1) no
differences exist between patients and healthy controls in unobstructed level
walking, (2) slight differences exist when vision becomes restricted and (3) clear
differences exist in the performance of a sensorimotor manipulated task.
6.2 Methods
A case-control study with pair-wise matching was chosen to assess differences in
level walking and in obstacle stepping between ambulatory SCI patients and healthy
controls. The study was approved by the local Ethics Committee and conformed to
standards set by the Declaration of Helsinki. All subjects were informed about the
experiment and gave written consent.
6.2.1 Subjects
In Balgrist University Hospital, recovery of gait in SCI patients is documented using
timed walking tests, such as the 6-Minute Walk test. We used this data to select SCI
subjects who were admitted in the hospital at least two years ago and who had
regained good walking function by the end of their rehabilitation program. Seven
ASIA D patients were asked to participate in the experiment. They walked without
the use of aids (WISCI II score of 20; Ditunno and Ditunno Jr. 2001). The patients
were matched for age and gender with a convenience sample of control subjects.
Anamnesis revealed that, besides SCI in the patient group, none of the subjects had
an orthopedic, neurological or cardiovascular diagnosis. One patient was taking anti-
depressant medication. Both groups consisted of five males and two females. The
SCI patients were on average 37.0 ± 11.3 years old, 173.3 ± 2.8 cm tall and weighed
67.9 kg. The controls were on average 37.1 ± 12.4 years old, 179.4 ± 7.4 cm tall and
weighed 68.4 ± 5.2 kg. Specific characteristics of the patients are presented in Table
6.1.
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6.2.2 Experimental design
In the basic condition, normal level walking was investigated by the assessment of a
6-Minute Walk test. This test was performed after the subjects had completed all
other experiments. This was done to investigate whether fatigue had influenced the
task performance of the other tests. All subjects were instructed to walk at a normal
speed. The 6-Minute Walk test has a strong correlation with cardiovascular
endurance (Butland et al. 1982; Guyatt et al. 1985) and has been investigated for its
validity and reliability recently in SCI patients (Van Hedel et al. 2004).
Table 6.1 Characteristics of the SCI patients
Gender Age Lesion Motor deficit* Sensory deficit (level) Year
of
lesion
m 24 Paraplegia,
cauda equina,
L3
Left Sartorius: 4 Hypoesthesia: bilateral L2 2001
m 28 Tetraplegia,
C7
No motor deficits Hypoesthesia: Th 6 left,
Th 7 right
2001
f 34 Paraplegia, Th
12, conus
syndrome
Bilateral: Triceps
Surae: 2,
Hamstrings: 4
Hypoesthesia: Th 10 – L1
left, bilateral L5
2001
f 35 Tetraplegia,
C6
No motor deficit Hypoesthesia: bilateral L4 2000
m 39 Paraplegia,
conus
syndrome
Bilateral: Rectus
Abd., Obliquus Abd.
Ext. & Internus: 4.
Left Add: 4
Hypoesthesia: bilateral Th
10-12. Anesthesia:
bilateral L1 + L2
2001
m 40 Paraplegia, L 4 Bilateral: Gluteus
Max: 4. Right: TFL,
Glutei Med.: 4
Hypoesthesia: L4-S1, S3-
S5 left, L5-S2 right.
Anesthesia: S2 left, S3-S5
right
2000
m 59 Paraplegia, Th
4
Right: Triceps
Surae: 4,
Hamstrings: 4
Hypoesthesia: bilateral
L4+L5
2001
*Numbers refer to results of the Manual Muscle Testing Score. This scale varies between 0 (no
contraction) and 5 (movement over the full range of motion against gravity and additional strong
resistance).
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Perceptual manipulations were investigated when walking on a treadmill. Before
the experiment started, all subjects walked for 5 minutes on the treadmill at a speed
of 0.69 ms-1, to become familiar with treadmill walking. After this, they had to walk
with full and restricted vision on the treadmill. This was repeated after the obstacle
experiment (see next paragraph) to investigate whether fatigue might have
influenced differences in performance between SCI subjects and the controls.
Restricted vision was achieved by wearing special glasses. These restricted any
visual input about the treadmill and the legs. 
Sensorimotor manipulations were investigated by means of an obstacle experiment
(Erni and Dietz 2001; Van Hedel et al. 2002). The subjects had to learn to step
repetitively over the obstacle, as low as possible, without touching it. They
performed three runs, each consisting of 50 steps over the obstacle. There was a
break of 5 minutes between successive runs. In the first two runs, the subjects
stepped over the obstacle with full vision. In the third run, they had to perform the
same task with restricted vision, wearing the same glasses as described above.
During the whole experiment, the subjects wore their training shoes and a safety
suspension vest was available for all subjects at request.
In general, the subjects walked on a split-belt treadmill (Woodway, Weil am Rhein,
Germany) with a speed of 0.69 ms-1. They were allowed to have hand contact with
the parallel bars beside the treadmill. A custom-built obstacle-machine was placed
next to the treadmill in order to study repetitive stepping over the obstacle (Fig.
6.1A). The obstacle consisted of a foam stick, 11 cm above the treadmill. It was
attached to the obstacle machine in such a way that it folded back by slight touch
and caused no stumbling. Eight one-dimensional force sensors were located
underneath the treadmill belts, 1 under each corner of each split-belt (Fig. 6.1A).
The force sensors underneath the right treadmill belt were used to indicate heel
strike (HS1) of the right foot. HS1 started the movement of the obstacle (Fig. 6.1B)
and the recording of the several measures. After release, the obstacle moved with the
same speed as the treadmill and the subject could step with the right foot over the
obstacle without changing the rhythm of walking cadence. A short beep of 100 ms
duration, which was provided at the middle of the stance phase (33% of the step
cycle), served as a warning signal and indicated the approaching obstacle. After the
subject stepped over the obstacle, the obstacle folded up at the end of the treadmill
and moved back to its starting position. The time between obstacle steps varied
randomly between 9 and 16 seconds, or 6 to 11 normal step cycles. 
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Figure 6.1. Experimental set-up
(A) The obstacle moves with the same speed as the treadmill. When it reaches the end of the treadmill, it
folds up and moves back to its starting position. The light sensitive diodes record foot clearance over the
obstacle.  (B) Timing of all events during a single step over the obstacle and time periods during which
the measures were analyzed. Abbreviations: HS, heel strike before (HS1) or after (HS2) stepping over
the obstacle; TO, toe off before (TO1) or after (TO2) stepping over the obstacle; AWS, acoustic warning
signal indicating the approaching obstacle; AFS, acoustic feedback signal indicating the level of foot
clearance.
6.2.3 Data recording
The 6-Minute Walk test could easily be assessed using a stopwatch and measuring
the covered distance in the six minutes.
In the experiments that involved treadmill walking, the following measures were
recorded: (a) leg muscle EMG signals, (b) joint movements, (c) vertical forces
exerted by the subject on the treadmill, and in the obstacle experiment (d) distance
between the foot and the obstacle and (e) number of obstacle hits. (a) EMG signals
of four muscles of the right leg were recorded using surface electrodes: the rectus
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femoris (RF), biceps femoris (BF), tibialis anterior (TA) and gastrocnemius medialis
(GM) muscles. The EMG signals were amplified, band-pass filtered (30-300 Hz)
and transferred together with the biomechanical signals to a PC using Soleasy
software (ALEA Solutions GmbH, Zurich, Switzerland) via an analogue-to-digital
converter. All signals were sampled at 1000 Hz. (b) Ankle, knee and hip joint
movements of the right leg were monitored using electrogoniometers (Biometrics
Ltd., Gwent, United Kingdom) fixed at the lateral aspect of each joint. (c) The
vertical forces measured by the force sensors underneath the right treadmill belt
were used to determine HS1, toe off before stepping over the obstacle (TO1), heel
strike after stepping over the obstacle (HS2) and second toe off (TO2). (d) The level
of foot clearance was determined by a vertical linear array of eight light sensitive
diodes, which were attached to the obstacle machine above the foam stick (Fig.
6.1A). The lowest diode was placed 2 cm above the obstacle and the distance
between each diode was 2 cm (3 cm for the upper two light sensitive diodes). The
signal of the lowest activated diode was recorded for each step over the obstacle.
Furthermore, the lowest activated diode provided an acoustic feedback signal about
foot clearance to the subject. Greater foot clearance was signaled by a higher
acoustic feedback signal. When the lowest diode was activated (optimal foot
clearance), a double-beep signal (707 and 1400 Hz sinusoidal signal, 600 ms
duration) was heard. The other feedback signals consisted of single beeps (125, 176,
250, 354, 500, 707 and 1000 Hz rectangular signal of 400 ms duration for the second
lowest to the highest diode, respectively). (e) The number of obstacle hits was also
recorded by the obstacle machine.
6.2.4 Data analysis
For assessing the effect of perceptual manipulation, 20 recorded step cycles were
normalized to 1000 samples and averaged to one step cycle. Three parameters were
determined, (1) double support duration as a percentage of the normalized step
cycle, (2) the strength of leg muscle activation as determined by the root mean
square (RMS) of the rectified EMG signals and, (3) the range of motion (ROM) of
the joint angles trajectories. Four different conditions were measured: before and
after the obstacle experiment with full and restricted vision. To make the
comparison between SCI patients and controls, the values were normalized and
expressed as percentages of the value measured before the obstacle experiment with
full vision.
Sensorimotor manipulations were tested during the obstacle experiment. The EMG
signals were rectified and for each step over the obstacle, the RMS was determined
for an interval between TO1 and TO2 (Fig. 6.1B). EMG recordings containing
movement artifacts were removed from the analysis. Indeed, BF activity of one
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control subject could not be analyzed throughout the experiment. For the interval
between TO1 and HS2, the ROM for each joint movement signal was calculated
(Fig. 6.1B). The duration of the swing phase was determined by assessing the time
interval between TO1 and HS2 using the ground reaction forces (Fig. 6.1B). Finally,
foot clearance height was measured using the light sensitive diodes. When an
obstacle hit occurred, the foot clearance measurement was removed from the data
analysis. Only obstacle hits that occurred between TO1 and HS2 were included in
the analysis.
An improvement in performance occurred when the values of the various measures
decreased (Erni and Dietz 2001), i.e. (1) smaller RMS values for leg muscle
activation, (2) decreased ROMs of the several joints, (3) a lower level of foot
clearance over the obstacle, (4) a shortening of the swing phase duration over the
obstacle and, if applicable, (5) a decrease in obstacle hits.
The performance curves of the measures (RMS of RF, BF, TA and GM, ROM of
hip, knee and ankle joint trajectories, foot clearance and swing phase duration) could
be described by a power function (Snoddy 1926). One characteristic of a power
function is that logarithmic transformation of the measures and the number of steps
over the obstacle results in a linear relationship. Relatively simple linear statistical
methods could then be used in these double-logarithmically transformed data to
describe the performance curve. Linear regression was used to determine the
adaptation rate, as well as the consistency. The regression coefficient b1, which is
the slope of the linear regression equation (y = b1x + b0), described the adaptation
rate. A negative value for b1 indicated a decrease of the measure over the number of
steps over the obstacle and implied an improvement in performance of that measure.
A value close to zero indicates minor adaptations during the run. Since the units for
b1 are quite difficult to interpret (for example, for muscle activity it would be log
(EMG activity [V]) / log (step over the obstacle)) they were not presented. In
addition, the consistency of the performance curve was analyzed by calculating the
standard error of the estimate (sy,x). The standard error of the estimate determines the
variance of the regression equation, with respect to both the slope and the intercept.
A higher value of sy,x indicates a high variability or small consistency during that
run. Obstacle hits were analyzed by comparing the frequencies of obstacle hits per
run per group. Due to technical difficulties, the obstacle hits of one SCI and two
control subjects could not be analyzed.
Mean onset and end values were calculated by averaging the values of the first and
last four steps of each measure for each subject for each run. The averaged onset
value of the first run was set at 100%. All other mean onset and end values were
normalized to this value and were presented as a percentage of it. 
In addition, b1, sy,x and the onset and end values were analyzed for all four muscles
together, as well as for all three joints. For visual interpretation, the values of all
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muscles and all joints were averaged. These values should indicate the adaptation
changes over time of the general muscle activity and leg kinematics.
6.2.5 Statistical analysis
Basic condition: differences in performance of the 6-Minute Walk test were
analyzed by a Wilcoxon ranked sum test. 
Perceptual manipulations: differences in double support, RMS and ROM were
analyzed by analysis of variance (ANOVA) for repeated measures with four levels
of the within-subject factor (level walking with full and restricted vision before and
after the obstacle experiment) and two levels of the between-subjects factor (SCI
patients versus controls). Pair-wise comparisons were adjusted by the Bonferroni
correction. Perceptual manipulations were tested for six SCI and six control
subjects.
Sensorimotor manipulations: the regression coefficients (b1), standard errors of the
estimate (sy,x) and the number of obstacle hits were analyzed using ANOVA for
repeated measures with two levels of the between-subjects factor (SCI subjects
versus controls) and three levels of the within-subject factor (runs 1, 2 and 3) and
their interaction. The mean onset and end values were analyzed with similar
statistics, but six levels for the within-subject factor were defined (onset run 1, end
run 1 etc. until end run 3). Pair-wise comparisons were adjusted using Bonferroni’s
correction. For all analyses, α was set at 0.05.
6.3 Results
Basic condition: the SCI patients covered an average distance of 524 m (SD = 56
m), and the controls covered 554 m (SD = 40 m) in six minutes (Fig. 6.2A). This
difference was not significant (P = 0.25).
Perceptual manipulations: Figure 6.2B shows that patients had a significantly
longer double support duration (% of step cycle duration) compared to the controls
(F (1,10) = 8.62, P = 0.015). However, there was no difference observed for
condition or interaction, nor for muscle activity and joint range of motion. 
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Figure 6.2. Locomotor characteristics: covered distance and double support duration
(A) Box and whisker plot of the covered distance in the 6 Minutes Walk test of 7 spinal cord injured
(SCI) and 7 controls. The lower and upper 25% of the observations are presented as lines (whiskers)
below and above the box, respectively. The box contains the middle 50% of the observations and is
divided in two by the median (50th percentile). (B) Average double support duration (with standard
deviation) with full and restricted vision expressed as the percentage of the step cycle duration during
normal treadmill walking. The recordings were made before and after the obstacle stepping experiment
was performed. *Double support duration was longer in SCI compared to control subjects (P < 0.05).
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Sensorimotor manipulations: The number of obstacle hits differed between the runs
(F (2,18) = 9.11, P = 0.002). SCI subjects touched the obstacle significantly more
when vision became restricted (mean = 12.3 hits, SD = 11.7, range 2 – 33),
compared to the first run (mean = 0.83 hits, SD = 0.75, range 0 – 2, P = 0.011) and
second run (mean = 0.5 hits, SD = 0.83, range 0 – 2, P = 0.008). The controls
touched the obstacle also more frequently in the third run (mean = 5.0 hits, SD =
2.55, range 2 – 8), compared to the first (mean = 0.6 hits, SD = 1.34, range 0 – 3)
and second (mean = 1.4 hits, SD = 0.89, range 0 – 2) runs. However, this difference
was not significant.
We correlated the number of obstacle hits in the third run, as a measure of complex
adaptive locomotor task performance with the double support duration recorded
during walking with full and restricted vision before the obstacle experiment. We
could analyze the data of only four control and five SCI subjects. For all subjects,
Spearman’s correlation coefficient (rs) was 0.32 (not significant, n.s.; full vision)
and 0.68 (P = 0.04; restricted vision). If both groups were analyzed separately, rs
was 0.40 (n.s.; full and restricted vision) in the controls, but in the patients it
accounted to -0.10 (n.s.; full vision) and 0.70 (n.s.; restricted vision).
Figure 6.3 shows an individual example of the adaptation in BF activity of a SCI
subject during repetitive obstacle stepping. During the first run, some adaptation
occurred, which was reflected in a b1 value of -0.058. The data-points were
relatively close to the fitted curve, which indicated that the consistency was high (sy,x
= 0.101). During the second run, less adaptation occurred (b1 = -0.006) and the
consistency was high (sy,x = 0.085). The subject had adapted well to the task.
Performance decreased at the onset of the third run, which was performed with
restricted vision. BF EMG activity was higher at onset and decreased strongly
during this run (b1 = -0.099). The consistency was smaller compared to the previous
runs (sy,x = 0.137).
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Figure 6.3. Adaptive changes in BF EMG activity during three successive runs of obstacle
stepping
Biceps femoris (BF) EMG activity of a spinal cord injured subject during repetitive stepping over the
obstacle. The slope of the linear regression curve (b1) and the standard error of the estimate (sy,x) were
calculated for double logarithmically transformed data. A negative b1 value indicates the amount of
adaptation during the respective run, while a high sy,x indicates higher variability (low consistency) of
the performance curve. (a) First run, with full vision, (b) second run, identical condition as the first run,
and (c) third run with restricted vision.
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Figure 6.4 shows the summarized data of obstacle stepping from all subjects. Both
groups adapted quite similarly to the task and adapted foot clearance well during the
first run, which was reflected in large negative b1 values (Fig. 6.4Aa). During the
second run, these adaptations were less. The patients showed a positive, but small b1
value, which indicated that a slight increase in foot clearance occurred during this
run. During the third run, especially the healthy subjects showed stronger
adaptations. Foot clearance differed between the runs (F(2,23) = 4.11; P = 0.03). In
general, all subjects adapted foot clearance more strongly during the third compared
to the first (P = 0.05) and second runs (P = 0.08). The data of the third run of one
patient, who had 33 obstacle hits, was removed from the analysis of the foot
clearance measure, since 17 data points were considered insufficient to calculate b1
and sy,x.
The consistency of the adaptation process of foot clearance differed significantly
between the runs (F(2,23) = 43.92; P < 0.0001; Fig. 6.4Ba). For all subjects, the
consistency was smaller in the third compared to the first and second runs (P <
0.0001). For the controls, the consistency of foot clearance was significantly smaller
in the third run compared to the second (P < 0.0001) and first runs (P = 0.0006). For
the SCI subjects, the consistency was smaller in the third run compared to the
second (P = 0.0001) and first runs (P = 0.0014).
The onset and end values of foot clearance were in agreement with the adaptation
findings and quite similar between the two groups (Fig. 6.5a). However, while the
end value of the second run was slightly smaller compared to the onset value in the
healthy subjects, it was larger in the SCI subjects. The onset value of the third run
was significantly higher in the control subjects (P = 0.033).
In general, the adaptations in muscle activity were similar in the two subject groups
(Fig. 6.4Ab). Strong adaptations occurred during the first run, small adaptations
during the second and again stronger adaptation in the third run when vision became
restricted. When the b1 of all muscles were analyzed together, muscle activity
differed between the runs (F(2,24) = 8.93; P = 0.0013). The adaptations during the
second run were smaller compared to the first (P = 0.0015) and third runs (P =
0.0127). When the muscles were analyzed separately, the adaptations differed
between the runs for RF (F(2,24) = 6.13; P = 0.007) and TA (F(2,24) = 3.68; P =
0.040). 
Figure 6.4B shows the consistency of the performance curves of muscle activity for
all muscles. The consistency was different between the runs (F(2,24) = 4.49; P =
0.022). The consistency was lower in the third run compared to the first (P = 0.045)
and second (P = 0.051) runs. When the muscles were analyzed separately, the
consistency was different between the runs for RF (F(2,24) = 7.13, P = 0.0037), TA
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(F(2,24) = 3.77, P = 0.038) and GM (F(2,24) = 11.17, P = 0.0004). Pair-wise
analysis showed a trend towards a lower consistency in the third run of the SCI
subjects for RF and GM (P < 0.08).  
Figure 6.4. Mean regression coefficients and standard errors of the estimate
Averages and standard deviations of (A) the regression coefficients (b1) and (B) the standard errors of the
estimate (sy,x) calculated for (a) foot clearance, (b) muscle EMG activity of RF, BF, TA and GM, (c)
range of motion (ROM) of the hip, knee and ankle joints and (d) swing phase duration . A negative b1
indicates a decrease (adaptation) of the respective measure during that run. A high sy,x indicates a high
variability or low consistency during the run. *: P < 0.05; **: P < 0.01; ***: P < 0.001.
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Figure 6.5. Mean onset and end values 
Mean onset and end values with standard deviations calculated for all measures and all subjects for (a)
foot clearance, (b) muscle EMG activity of RF, BF, TA and GM, (c) range of motion (ROM) of the hip,
knee and ankle joints and (d) duration of the swing phase. For (b) to (d), the values are expressed as a
percentage of the onset value in the first run. *: P < 0.05; **: P < 0.01 and ***: P < 0.001. 
Figure 6.5b shows the onset and end values of muscle activity. The onset and end
values of all muscles differed between the runs (F(5,30) = 18.78, P < 0.0001). The
onset value of the first run was relatively high, but decreased towards the end of this
run (all subjects: P = 0.0023). The onset value of the second run was comparable to
the end value of the first run. At onset of the third run, an increase in muscle activity
occurred (SCI subjects: P = 0.0094; controls: P < 0.0001), followed by a decrease
(SCI subjects P = 0.016; controls P = 0.0005). When the muscles were analyzed
separately, the increase in EMG activity was significantly higher at the onset of the
third run compared to the end of the second run for RF (SCI subjects: P = 0.04;
controls: P = 0.006), BF (controls: P = 0.003) and TA (controls: P = 0.005). The
relatively high onset values in the third run decreased towards the end. However,
significant smaller end values were only found for RF (P = 0.031) and BF muscle
activity (P = 0.019) of the controls. No differences were observed for GM activity in
either group.
No difference in the adaptation rate for the joint kinematics was found (Fig. 6.4Ac).
However, large differences in the consistency of the performance curves occurred
(Fig. 6.4Bc). When all joints were analyzed together, the consistency differed
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significantly between the runs (F(2,24) = 6.25, P = 0.0065). The consistency was
significantly lower in the third run compared to the second run for all subjects (P =
0.0056). This was also found for the SCI subjects (P = 0.029). When the joints were
analyzed separately, the consistency differed significantly between the runs for the
hip (F(2,24) = 9.91, P = 0.0007), knee (F(2,24) = 5.71, P = 0.009) and ankle
(F(2,24) = 3.76, P = 0.038) joints. In SCI subjects, the consistency was lower in the
third compared to the second run for the hip (P = 0.013) and knee (P = 0.029) joints.
Similarly, the performance curve of the ankle joint ROM showed a trend towards a
lower consistency in the third run compared to the first (P = 0.07) and second (P =
0.11) runs. No difference in onset and end values was found (Fig. 6.5c).
There were no large adaptation changes in swing phase duration in the first two runs
for both groups (Fig. 6.4Ad). Only during the third run did healthy subjects show a
strong adaptation in swing phase duration. Indeed, swing phase duration differed
between the groups (F(1,12) = 11.41; P = 0.006), runs (F(2,24) = 3.96; P = 0.033)
and the interaction (F(2,24) = 5.26; P = 0.013). Pair-wise comparison showed a
significantly higher adaptation rate during the third run of the control subjects
compared to their first (P = 0.022) and second (P = 0.020) runs, as well as to the
third run of the SCI subjects (P = 0.004). The consistency of the performance curve
of the swing phase duration was only significantly different between the runs (F
(2,24) = 4.69, P = 0.019; Fig. 6.4Bd). 
Figure 6.5d shows the percentile onset and end values of the swing phase duration.
A significantly longer swing phase duration of the control subjects was found at the
onset of the third run compared to the end of the second (P = 0.001) and the end of
the third run (P = 0.0004). The swing phase duration at the onset of the third run of
the controls showed a trend towards a significant difference compared to the
equivalent value of the SCI subjects (P = 0.099). 
6.4 Discussion
The aim of the present study was to investigate the performance and locomotor
capacity of patients with SCI. The study was based on tasks that represent different
categories of recovery (Mulder and Geurts 1993). The main results were the
following: (1) In the basic condition, the control and SCI subjects showed no
difference between the distance covered in six minutes of walking, as assessed by a
clinical test. (2) The perceptual manipulation experiment with restricted vision had
no influence on level walking on a treadmill. However, independent from vision, the
double stance duration was longer in SCI subjects compared to their controls. (3)
There were no great differences in the acquisition and performance of a
86
sensorimotor manipulated task, i.e. repetitive stepping over an obstacle. However,
SCI subjects touched the obstacle more frequently and joint ROM showed a
decreased consistency when the task was performed with restricted vision. In
contrast to the controls, SCI subjects did not increase swing phase duration at the
onset of the third run.
6.4.1 Different levels of recovery
In general, the findings are in line with the temporal order of recovery after a lesion
of the central nervous system as proposed by Mulder and Geurts (1993). According
to this study, performance under simple conditions should improve first, followed by
a gradual decrease in cognitive regulation and visual dependency. The present study
presents some findings that support these expectations. 
The first hypothesis could be partially accepted. No difference in the 6-Minutes
Walk test between SCI subjects and controls was found. More detailed analysis of
normal treadmill walking revealed that the well-recovered SCI subjects had longer
double support duration. Although, it does not fit into the model proposed by
Mulder and Geurts (1993), it is in line with a recent study (Pepin et al. 2003b).
Furthermore, double support duration measured during walking with restricted
vision appears to be strongly correlated with the performance of the more complex
locomotor task. Therefore, the assessment of double support duration with restricted
vision could be of clinical interest to determine locomotor deficits in SCI subjects.
During double support, there are smaller balance requirements than during the single
support phase and thus double support enhances body stabilization (Lajoie et al.
1993). In patients in early stages of multiple sclerosis, a prolonged double support
phase indicates a motor abnormality prior to any functional disturbance (Benedetti et
al. 1999). Increased double support duration is also found in patients with slight
knee arthrosis (Gok et al. 2002) and in patients recovering from stroke, when a
cognitive task is applied (Bowen et al. 2001). Although hand contact might have
reduced the balance requirements during single support, it should not have
influenced the percentage of stride cycle spent in double support (Siler et al. 1997). 
With respect to the second hypothesis, the SCI subjects in the present study already
passed the second stage according to Mulder and Geurts (1993), since they
depended little on visual information during normal level walking. 
With respect to the third hypothesis, relatively small differences existed in the
present study. The goal of the task was to minimize foot clearance without touching
the obstacle, i.e. to perform a high-precision task. With full vision, the SCI subjects
could accomplish the task in a similar way as the controls. However, when the
difficulty level was increased by restricting vision, the subjects touched the obstacle
more frequently, which implies that their task performance was poorer. In addition,
the performance curves showed a decreased consistency in their kinematics when
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trying to re-optimize foot clearance with restricted vision. In this condition, the
subjects needed to integrate the acoustic (foot clearance) and tactile (obstacle hit)
feedback, while proprioceptive and tactile information were used to control the leg
movements. The poorer performance could be due to defective proprioceptive and
tactile mechanisms. Indeed, sensory impairments were present in the SCI subjects in
the present study. 
Normally, stepping higher over an obstacle, as observed at onset of the third run, is
associated by a longer travel path (Patla and Rietdyk 1993). Therefore, stepping over
the obstacle without prolongation of the swing phase might have resulted in obstacle
hits at the onset of the third run, which might partially explain the increase in
obstacle hits of the SCI subjects.
The oldest SCI subject (59 years) touched the obstacle 33 times during the third run
with restricted vision. In addition, we found a strong linear relationship between the
age of the SCI subjects and the number of obstacle hits they made in the third run (r
= 0.87, P < 0.01). This relationship was less strong for the control subjects (r = 0.51,
not significant). This suggests that the combination of age and SCI strongly
influences locomotor performance. Indeed, the recovery of locomotor function in
SCI subjects with ASIA C depends on age (Burns et al. 1997; Waters et al. 1994). A
previous study that investigated the same obstacle task in healthy young and elderly
subjects found that the elderly touched the obstacle significantly more compared to
the young ones and were not able to re-optimize foot clearance with restricted vision
(Van Hedel and Dietz 2004). It is suggested that the combination of age and motor
impairment, rather than each factor separately, affects the acquisition and
performance of a locomotor task, especially with restricted vision. However, future
studies are needed to substantiate this issue.
6.4.2 Methodological considerations
The increase in obstacle hits during the third run in the SCI subjects might be due to
the sensory impairment in the dermatomes of the foot (L4 – S1). This, in
combination with wearing shoes, might have led to a reduced perception of obstacle
hits. Unawareness of an obstacle hit would clearly not lead to an improvement in
task performance. However, it is unlikely that this accounted for the poorer
performance during the obstacle experiment. First, although all SCI subjects had
sensory deficits around the feet, only three subjects touched the obstacle frequently.
Second, these subjects touched the obstacle randomly during the run, which
indicates that they perceived the obstacle hit and adapted the leg kinematics
accordingly to increase foot clearance. Third, the patient who touched the obstacle
33 times (out of 50 obstacle steps) almost stumbled after each hit. Therefore, he
must have been aware that the he had touched the obstacle.
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Furthermore, the experiments were performed at an unusually slow walking speed in
order to minimize the influence of fatigue. Indeed, it was unlikely that fatigue was
the cause of increased number of obstacle hits in the SCI subjects during obstacle
stepping with restricted vision. The 6-Minutes Walk test, which was performed after
all other tests were finished, did not differ between the groups.
However, the slow walking speed might have affected the performance of the
obstacle task negatively, especially in the SCI subjects. Slow walking speed
increases the time needed to step over the obstacle. This implies longer single
support duration of the trailing leg, which would increase balance requirements.
Impaired stability of this leg might have affected the performance of the leading leg
negatively. Indeed, the three SCI subjects that who touched the obstacle most
frequently had some weakness of extensor muscles (triceps surae and / or gluteal
muscles), which are important in maintaining balance (Winter 1991; Winter et al.
1993; Yang et al. 1991). Furthermore, even in healthy subjects, an increase in
attentional demand evolves in parallel to an increase in balance requirements during
walking (Lajoie et al. 1993). For SCI subjects, walking required more attention than
for healthy subjects (Lajoie et al. 1999) and a limit in working memory capacity
might be responsible for the poorer task performance.
In conclusion, in well-recovered SCI subjects, rehabilitation programs should focus
on practicing locomotor skills under conditions with reduced sensory inputs, such as
restricted vision. The relatively simple measure of double support duration analyzed
during walking with restricted vision was strongly correlated to the complex
adaptive locomotor performance. Future studies might further focus more on the use
of this measure as a clinical tool to predict locomotor performance in patients with a
motor deficit.  
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Summary
Chapter 1. General introduction
The first chapter addresses the two main questions of this thesis: (1) what are the
underlying mechanisms involved in learning to adapt locomotion, and (2) what is
the influence of factors, like age or disease, on this process. Both are important in
improving, for example, rehabilitation programs. In addition, chapter 1 gives an
overview of the present ideas on how locomotion is controlled. Finally, it describes
the more detailed questions that were answered in this thesis by using a locomotor
learning task, in which subjects have to step repetitively over an obstacle as low as
possible, without touching it. 
Chapter 2. Transfer of motor skill from one leg to the other
Although some upper extremity tasks can be transferred to the contra-lateral side,
some lower extremity tasks can not. If the task investigated in the present study, i.e.
repetitive stepping over an obstacle, could be transferred to the other side, it might
indicate that different control mechanisms underlie upper and lower limb tasks and /
or various lower extremity tasks are differently controlled. Furthermore, the ability
to transfer a lower extremity task to the contra-lateral leg could have a clinical
relevance. Patients, unable to practice a task with one leg, might practice it with the
other leg. The untrained leg could profit from this training at a later time point.
Therefore, we investigated whether the newly acquired skill of stepping over an
obstacle could be transferred to the mirror condition. 
Subjects walked on a treadmill with limited vision, while the appearance of the
obstacle was signaled by an acoustic stimulus. Feedback information about foot
clearance was provided by acoustic signals. During two successive blocks of
learning trials (each block consisted of 100 steps over the obstacle) the same leg was
leading (i.e. the leg crossing the obstacle first). In the following third block of test
trials, the leading and trailing legs were interchanged. During each of the three
successive blocks the adaptational changes were analyzed by recording leg muscle
EMG activity, joint angle trajectories and foot clearance over the obstacle. The
training effect, gained between the first and second blocks of trials, and the transfer
to the mirror condition (third block) were evaluated. Adaptational changes of all
measures, except ankle joint trajectory, could be transferred to the mirror condition.
No side-specific differences in the amount of transfer were found, neither from the
right to the left side, nor vice versa. These observations are in contradiction to
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adaptational changes observed during split-belt walking or one-legged hopping on a
treadmill, where no transfer to the mirror condition occurred. It is assumed that this
might be due to the specific requirements of the tasks and the leg muscles involved.
In the split-belt and hopping experiments mainly leg extensor muscles are involved,
whereas mainly leg flexors predominate in the performance of the present task. It is
hypothesized that the learning effects observed in the present experiments are
mediated not at a spinal, but at a higher level (e.g. brainstem) of locomotor control. 
Chapter 3. Effects of bio-mechanical constraints on performance
It is often assumed that the performance of a patient immediately increases after he
or she starts wearing an orthosis. However, the use of external aids forces the CNS
to adapt, which might take time. Indeed, many patients experience difficulties in
using walking aids or orthoses when re-learning to walk. Therefore, we were
interested in using the obstacle avoidance task to investigate how orthoses influence
locomotor performance. Since wearing orthoses would directly influence the
performance of the constrained leg, we constrained the contralateral leg. In the
present study, the objective was to investigate whether fixation of the ankle joint,
knee joint or both increasingly affects the performance of the newly learned task of
stepping over an obstacle, performed with the contralateral leg.
Eighteen healthy young volunteers walked on a treadmill and stepped with the right
leg over a randomly approaching obstacle with reduced vision. Subjects became
adapted to the task during two blocks of learning trials. Each block consisted of 50
steps over the obstacle. In the third block of test trials, six subjects received an
Ankle-Foot Orthosis (group AFO), which was attached at the left ankle joint. The
others received a Knee Orthosis (group KO) or both a Knee and Ankle-Foot
Orthosis (group KAFO), also attached at their left knee joint, or left knee and ankle
joints, respectively. The ‘performance’ was evaluated by measuring leg muscle
activity, joint movements, swing phase duration and the clearance between the foot
and the obstacle. The changes within a block of trials (adaptation) and between
blocks (e.g. transfer) were evaluated.
The attached orthosis caused a limited transfer of performance in KAFO and KO
between the blocks 2 and 3. No differences in the rate of adaptation were observed
between the three groups during the third block of trials. It is concluded that a
movement restriction of the supporting leg affects the performance of the contra-
lateral leg in a locomotor task. Performance is more affected by contra-lateral knee
joint fixation, than by contra-lateral ankle joint fixation alone and, consequently, the
need for re-learning becomes greater.
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Chapter 4. Modulation of H-reflex responses during a locomotor learning
task
Motor learning has been thought to be a process, which takes place at distributed
loci within the CNS. Although it might also involve spinal neuronal circuits, this has
seldomly been investigated. The goal of this study was to investigate any effect of
learning at the spinal level by testing changes of H-reflex amplitudes during a motor
learning task. Subjects walked on the treadmill with reduced vision and were
instructed to step over an obstacle as low as possible, while the soleus H-reflex was
elicited. Acoustic warning signals informed the subject about the approaching
obstacle, while feedback signals provided knowledge about foot clearance.
Performance improvement was associated with a decrease of muscle activity,
needed to step over the obstacle (rectus femoris, biceps femoris, tibialis anterior and
gastrocnemius medialis muscles), and of foot clearance, while joint angle
trajectories from knee and ankle became more stable. The experiment consisted of
five blocks of trials. In three blocks, the subjects performed normal treadmill
walking and in two blocks, the subjects stepped 100 times over the obstacle. H-
reflexes were elicited at early and late stance phase before stepping over the
obstacle. The responses of the H-reflex were analyzed by calculating the H/M ratio,
where the H-reflex amplitude was divided by the peak value of the M-wave, which
was assessed in a static condition. In addition, the latency and duration of the reflex
responses were determined. Mean values of these measures were calculated at the
onset and end of a block of trials, by averaging the first and last four values of each
block. The course over time was evaluated using a correlation coefficient. The
largest adaptations with a significant increase of reflex amplitude occurred during
the first block, in which the subjects stepped over the obstacle. This increase lasted
only briefly and the reflex amplitudes decreased to their previous values as obtained
during normal treadmill walking. During the second block of obstacle trials, no H-
reflex modulation was observed. It is concluded that a motor learning task causes
adaptational effects not only on performance, but also on H-reflex responses. The
results suggest that most of the modulation of H-reflexes is probably due to
supraspinal influences on reflex transmission. The observations may be not specific
for this motor task (stepping over the obstacle), but rather may be associated with
the increased attention required by the motor learning task during the first obstacle
trials.
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Chapter 5. The influence of age on learning a locomotor task
Elderly subjects are vulnerable for gait impairing disorders. Knowledge about
locomotor task performance and learning in the elderly is important for optimizing
rehabilitation strategies. The aim of this study was to evaluate differences between
young and elderly subjects in the acquisition and performance of a precision
locomotor task in two conditions: with full and restricted vision. 
The subjects walked on a treadmill and had to step as low as possible over an
obstacle, without touching it. They received acoustic warning and feedback signals,
indicating obstacle appearance and foot clearance, respectively. Full vision was
provided during the first two blocks of trials and became restricted during the third
block. The number of obstacle hits and adaptations in foot clearance, leg muscle
activity, range of motion of leg joints and swing phase duration were assessed. With
vision, the performance improved during the first two blocks in both groups.
Restricted vision reduced the task accuracy in both the young and the elderly.
However, only the young subjects regained optimal foot clearance with practice.
Elderly subjects rely more on visual control when acquiring and performing a
precision locomotor task. We suggest that this is related to an impaired function of
proprioceptive feedback mechanisms, which can replace visual information in young
subjects. In the elderly, therapeutic attention should be directed towards optimizing
the use of the remaining proprioceptive inputs.
Chapter 6. Limits of locomotor ability in subjects with a spinal cord injury
Little is known about the adaptive capacity of gait in spinal cord injured (SCI)
subjects. Furthermore, in clinical practice, gait in SCI subjects is only evaluated at a
basic level, which consists of straight, unobstructed walking. The aim of the present
study was to investigate the level of locomotor performance in SCI subjects. Well-
recovered SCI subjects performed three tasks. (1) Natural level walking (6-Minute
Walk test). (2) Walking on a treadmill with full and restricted vision. (3) Repetitive
stepping over an obstacle. In the latter task, the subjects had to step over an obstacle
as low as possible, without touching it. The subjects performed in three blocks of
trials, each consisting of 50 steps over the obstacle. They received acoustic warning
and feedback signals that indicated obstacle approach and foot clearance,
respectively. During the third block, vision was restricted. Foot clearance, number of
obstacle hits, leg muscle EMG activity, joint kinematics and swing phase duration
were assessed. The main findings were: (1) No difference was found in the 6-Minute
Walk test between the SCI and control subjects. (2) During unobstructed treadmill
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walking with full and restricted vision, the double support duration, which is the part
of the gait cycle in which both feet of the subject are simultaneously in contact with
the treadmill, was increased in SCI subjects. (3) With vision, SCI and control
subjects showed similar adaptations in foot clearance, number of obstacle hits, leg
muscle activity and kinematics. However, with restricted vision, SCI subjects
touched the obstacle more frequently. It appears that the SCI subjects are well able
to adapt locomotion to special requirements using a broader safety margin for
balance control. Only at a higher skill level, an increased dependency on visual
information took place. It is suggested that double support duration represents a
sensitive measure for a minor locomotor impairment, which might be rehabilitated
by practicing locomotor skills with restricted vision. 
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Samenvatting 
Hoofdstuk 1. Algemene inleiding
De hoofdstukken in dit proefschrift zijn gebaseerd op verschillende studies, die het
loopgedrag en het aanleren van dit gedrag onderzocht hebben, door proefpersonen te
vragen meerdere malen over een hindernis te stappen. In het eerste hoofdstuk
worden de centrale vraagstellingen gepresenteerd: (1) wat zijn de onderliggende
mechanismen, die betrokken zijn bij het leerproces om het gangbeeld aan te passen
en (2) wat is de invloed van factoren, zoals leeftijd of ziekte, op dit proces. Verder
geeft het een overzicht van de wijze waarop het centrale zenuwstelsel het lopen en
het gangbeeld controleert en het introduceert de term ‘motorisch leren’. Hoofdstuk 2
beschrijft dat de motorische vaardigheid om over een hindernis te stappen voor een
groot deel van het ene op het andere been overgedragen kan worden. Hoofdstuk 3
toont verder, dat het beperken van de biomechanische eigenschappen van één been,
de prestaties van het andere been om over een hindernis te stappen negatief
beïnvloedt. De experimenten uit hoofdstuk 4 werden uitgevoerd om onderliggende
mechanismen met betrekking tot de motoriek met betrekking tot het stappen over
een hindernis te onderzoeken. Het beschrijft de modulatie van de H-reflex
gedurende het leerproces. Hoofdstuk 5 onderzoekt de invloed van leeftijd op het
proces om nauwkeurig over een hindernis te leren stappen. Uiteindelijk worden in
hoofdstuk 6 de verschillen in het leren en uitvoeren van verschillende
locomotorische vaardigheden beschreven bij gedeeltelijke dwarslesiepatiënten en
controle personen.
Hoofdstuk 2. Het overdragen van een motorische vaardigheid van één been
naar het andere
Ofschoon verschillende motorische vaardigheden van de bovenste extemiteit
overgedragen kunnen worden van de ene naar de andere arm, geldt dit niet voor alle
taken, die met de benen uitgevoerd worden. Wij wilden in deze studie onderzoeken,
of dit ook geldt voor herhaaldelijk over een hindernis stappen. Indien deze taak wel
overgedragen zou kunnen worden, dan zou dit kunnen duiden op een rol van andere
controle mechanismen, die aan deze taak ten grondslag liggen. Dit zou van klinische
waarde kunnen zijn. Patienten zouden de taak met één been kunnen oefenen,
wanneer het andere been daartoe (nog) niet in staat zou zijn. Het aangedane been
zou dan mogelijkerwijs toch kunnen profiteren van deze oefening in een later
stadium. Daarom onderzochten we in deze studie of een zojuist geleerde
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vaardigheid, namelijk herhaaldelijk over een hindernis stappen, overgedragen kan
worden naar de contralaterale zijde. Bij de experimenten liepen de proefpersonen op
een loopband. Ze droegen een bril, waarvan het onderste deel van het visuele veld
afgedekt was. Hierdoor kregen ze geen visuele informatie over de hindernis en de
benen. Verder droegen ze een koptelefoon, waardoor verschillende tonen werden
aangeboden. Het starten van de hindernismachine werd door een specifieke toon
aangegeven, als ook de hoogte waarmee de proefpersonen over de hindernis
moesten stappen. De proefpersonen werden verdeeld in twee groepen en elke groep
werd getest in drie blokken. De ene groep (rechts-links of RL) stapte in de eerste
twee blokken 100 keer met het rechter been als eerste over de hindernis. In het derde
blok stapte deze proefpersonen met het linker been als eerste over de hindernis. De
andere groep (LR) stapte in de eerste 2 blokken als eerste met het linker been over
de hindernis, terwijl zij in het derde blok als eerste met het rechter been over de
hindernis stapten. In elk van de drie blokken werden veranderingen in spieractiviteit,
bewegingen van heup-, knie-, en enkelgewrichten en de afstand tussen de voet en de
hindernis geanalyseerd. Daarbij werden het trainingseffect in de eerste en tweede
blokken en de overdracht naar het andere been (derde blok) geëvalueerd. Adaptieve
veranderingen van alle variabelen, met uitzondering van de beweging van het
enkelgewricht, konden significant naar het andere been worden overgedragen. De
mate van overdracht verschilde niet significant voor rechts naar links of voor links
naar rechts. Deze resultaten verschillen van adaptieve veranderingen waargenomen
bij huppen op één been en "splitbelt" lopen op een loopband (hierbij loopt de
proefpersoon met één been sneller dan met het andere). Bij deze laatste taken vond
namelijk geen overdracht naar het andere been plaats. Wij nemen aan dat dit komt
door de specificiteit van de taak en de daarvoor gebruikte spieren. Bij huppen op één
been en splitbelt lopen zijn voornamelijk de strekspieren actief, terwijl het stappen
over een hindernis voornamelijk door buigspieren wordt uitgevoerd. Inderdaad
duiden resultaten van andere studies erop, dat flexorspieren anders gecontroleerd
worden dan strekspieren. Zo staan flexorspieren onder een sterkere centrale controle,
terwijl de activiteit van strekspieren, met hun anti-zwaartekracht functie, meer door
proprioceptieve afferente informatie gemoduleerd wordt. Wij veronderstellen, dat
het over een hindernis stappen door hogere centra dan het ruggenmerg (bijvoorbeeld
de hersenstam) wordt gecontroleerd.
Hoofdstuk 3. Effecten van beperkingen in biomechanische eigenschappen op
de prestatie
Vaak wordt verondersteld, dat zodra een patiënt een orthose krijgt, zijn
locomotorische vaardigheid vooruit zal gaan. Echter, het gebruik van externe
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hulpmiddelen dwingt het centrale zenuwstelsel zich aan deze nieuwe omstandigheid
aan te passen. Vele patiënten hebben aanvankelijk moeite om met hulpmiddelen en
orthosen weer te leren lopen. Daarom wilden we middels het hindernis-experiment
onderzoeken of orthosen direct de locomotorische vaardigheid beïnvloeden. Omdat
de orthosen zelf de prestatie zouden kunnen beïnvloeden, werden de orthosen aan
het been gefixeerd dat niet over de hindernis stapte. Het doel van deze studie was
om te onderzoeken of het fixeren van de linkerenkel, knie of beide, in toenemende
mate de prestatie van een zojuist geleerde opgave, namelijk over een hindernis
stappen met het rechter been, beïnvloedt. Achttien jonge proefpersonen liepen op
een loopband en stapten met het rechter been als eerste over een hindernis. Zij liepen
met beperkte visuele informatie. Gedurende de eerste twee blokken, waarin ze in elk
blok 50 keer over de hindernis moesten stappen, leerden ze de taak. Voor het derde
blok werden ze in drie groepen verdeeld. Zes proefpersonen kregen een Enkel-Voet
Orthose (EVO groep) aan de linker enkel. Zes anderen kregen een Knie Orthese
(KO groep) aan de linker knie en de overigen kregen zowel Knie als Enkel-Voet
Orthesen (KEVO groep) aan het linker been. Het effect van de orthose werd
gemeten op basis van verschillen in spieractiviteit van vier beenspieren, bewegingen
van heup-, knie- en enkelgewrichten, duur van de zwaaifase en de hoogte waarmee
de voet over de hindernis zwaaide. De veranderingen in een blok (adaptatie) en
tussen blokken (bijvoorbeeld transfer) werden onderzocht. De orthosen
veroorzaakten een beperkte overdracht van prestatie in KEVO en KO van het
tweede naar het derde blok. In het derde blok traden geen verschillen op in de
snelheid waarmee de veranderingen optraden tussen de drie groepen. We kunnen
concluderen, dat een beperking in de bewegingsmogelijkheid van het standbeen, een
verslechtering in de prestatie van het contralaterale been veroorzaakt. De prestatie
wordt sterker beïnvloed als de knie wordt gefixeerd in vergelijking met fixatie van
de voet en enkel en daarom zal bij fixatie van de knie de noodzaak groter worden de
taak opnieuw te leren. 
Hoofdstuk 4. H-reflex modulatie tijdens het leren van een locomotorische
vaardigheid
Motorisch leren zou verspreid over verschillende plaatsen in het centrale
zenuwstelsel plaatsvinden en, ofschoon het ook in spinale verbindingen zou moeten
plaatsvinden, is dit laatste nog zelden onderzocht. Het doel van deze studie was om
veranderingen in de H-reflex te onderzoeken tijdens het leren van een motorische
taak. Proefpersonen liepen op een loopband zonder visuele informatie over de
hindernis en de benen en werden geïnstrueerd zo laag mogelijk over een hindernis te
stappen, waarbij de soleus H-reflex gestimuleerd werd. Een akoestische
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waarschuwingstoon informeerde de proefpersoon dat een hindernis op komst was,
terwijl akoestische feedback signalen de proefpersoon informeerde hoe hoog hij / zij
over de hindernis gestapt hadden. Een verbetering in prestatie bleek gerelateerd aan
een afname van spieractiviteit (rectus en biceps femoris, tibialis anterior en
gastrocnemius medialis) en de afstand tussen voet en hindernis, waarbij de
kinematica stabieler werd. Het experiment bestond uit vijf blokken. In drie van de
vijf blokken liepen de proefpersonen zonder hindernis over de loopband, in twee
blokken stapten zij 100 keer over de hindernis. H-reflexen werden vroeg en laat in
de standfase gestimuleerd, vlak voor het stappen over de hindernis. De grootte van
de H-reflex werd geanalyseerd door de H-reflex amplitude te delen door de
maximale M responsie, die in stand werd opgewekt. Ook de latentie en duur van de
reflex responsie werden bepaald. De waarden van deze variabelen werden berekend
voor het begin en einde van elk blok, door de eerste en laatste vier reflex responsies
te middelen. Het verloop gedurende een blok werd bepaald met behulp van een
correlatie coëfficiënt. De grootste veranderingen traden op gedurende het eerste
blok, waarin de proefpersonen over de hindernis moesten stappen. Hier trad
aanvankelijk een significante toename in reflex amplitude op. Deze toename duurde
kort, waarna de amplitude weer tot zijn oorspronkelijke waarde, gemeten gedurende
normaal lopen, terugkeerde. Gedurende het tweede blok, waarin de proefpersonen
over de hindernis stapten, traden geen veranderingen in H-reflex antwoorden meer
op. Wij concluderen dat een motorische leertaak niet alleen voor veranderingen in
prestatie zorgt, maar ook voor veranderingen in H-reflex responsies. De resultaten
duiden erop, dat de grootste veranderingen in H-reflex modulatie waarschijnlijk
door veranderingen in supraspinale invloed op de reflex transmissie plaatsvinden.
Wellicht zijn deze resultaten niet specifiek voor deze taak (over een hindernis
stappen), maar eerder gerelateerd aan een toegenomen algemene opmerkzaamheid,
die nodig is om de nieuwe taak uit te voeren.
Hoofdstuk 5. De invloed van leeftijd op het leren van een opgave voor de
onderste extremiteit
Oudere personen hebben een groter risico een aandoening te krijgen, die het lopen
kan beperken. Revalidatieprogramma’s zouden wellicht geoptimaliseerd kunnen
worden, als we meer kennis zouden hebben over de prestatie en het leren van
motorische taken bij oudere mensen. Het doel van deze studie was om verschillen
tussen oudere en jongere personen te onderzoeken in het uitvoeren en aanleren van
een precisievaardigheid voor de onderste extremiteit, met volledig zicht en zonder
visuele informatie over de hindernis en de benen. De personen liepen op een
loopband en moesten zo laag mogelijk over een hindernis stappen, zonder die aan te
117
raken. Ze kregen akoestische waarschuwing en feedback signalen. De eerste gaven
het starten van de hindernis machine aan, de akoestische feedback signalen de
afstand tussen voet en hindernis. De personen hadden volledige zicht gedurende de
eerste twee blokken. In ieder blok stapten de proefpersonen 50 keer over de
hindernis. Tijdens het derde blok hadden zij geen visuele informatie omtrent de
hindernis en de benen. Geanalyseerd werden het aantal maal dat tegen de hindernis
gestoten werd en de aanpassingen in de afstand tussen voet en hindernis,
spieractiviteit, de bewegingsrange van heup-, knie- en enkelgewrichten en de duur
van de zwaaifase. Met volledig zicht verbeterde de prestatie in beide groepen
vergelijkbaar gedurende de eerste twee blokken. Met beperkt zicht verslechterde de
precisie van de taak voor zowel de jongere als oudere personen. Echter, alleen de
jongere proefpersonen slaagden er weer in een optimale afstand tussen voet en
hindernis te bereiken. De oudere personen zijn sterker afhankelijk van visuele
informatie bij het aanleren en uitvoeren van een precisie locomotorische
vaardigheid. Wij veronderstellen dat dit ontstaat door een verslechterd functioneren
van de proprioceptieve feedback systemen. Deze kunnen in jongere personen een
gebrek aan visuele informatie compenseren. In de oudere personen zou het
therapeutische zwaartepunt meer richting het trainen van het gebruik van
proprioceptieve input moeten gaan. 
Hoofdstuk 6. Grenzen van locomotorische vaardigheden in patiënten met een
dwarslesie
Het is nauwelijks bekend of personen met een dwarslesie hun gangbeeld kunnen
aanpassen. Klinisch wordt het gangbeeld van patiënten met een dwarslesie
hoogstens geëvalueerd in zijn eenvoudigste vorm: rechtuit, ongehinderd lopen. Het
doel van deze studie was het nivo te onderzoeken, waarop patiënten met een
dwarslesie kunnen lopen. Dwarslesiepatiënten, die weer een goede loopfunctie
bereikt hadden, voerden drie taken uit. (1) Normaal lopen, middels een 6 minuten
looptest, waarbij de afgelegde afstand wordt gemeten. (2) Lopen op een loopband
met volledig en beperkt zicht. (3) Herhaaldelijk over een hindernis stappen. In deze
laatste taak moesten de personen zo laag mogelijk over een hindernis stappen,
zonder deze aan te raken. In drie blokken stapten zij, in iedere blok 50 keer, over de
hindernis. Via een koptelefoon kregen zij een akoestisch waarschuwingssignaal, dat
informeerde dat de hindernis in aantocht was. Akoestische feedback informeerde de
proefpersoon daarna over de hoogte waarmee hij / zij over de hindernis gestapt was.
Gedurende de eerste twee blokken hadden zij volledige zicht, welke gedurende het
derde blok beperkt werd. De hoogte tussen voet en hindernis, evenals het aantal
malen dat de hindernis geraakt werd, de beenspieractiviteit, kinematica van heup-,
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knie- en enkelgewricht en de duur van de zwaaifase, werden geanalyseerd. Een
afname van deze variabelen duidden op een toename in prestatie. De belangrijkste
resultaten waren: (1) geen verschil in afstand gelopen tussen de patiënten en controle
personen. (2) Tijdens het lopen op de loopband, hadden de dwarslesiepatiënten een
langere bipedale fase (dat deel van de gangcylus, waarin beide voeten in contact met
de bodem zijn), zowel met volledig als met beperkt zicht. (3) Met volledig zicht
verbeterden patiënten en controle personen in gelijke mate de afstand tussen voet en
hindernis, het aantal maal dat zij de hindernis aanraakten, beenspieractiviteit en de
kinematica van de gewrichten. Met beperkt zicht raakten de patiënten de hindernis
frequenter dan de controle personen. Het lijkt erop, dat de dwarslesiepatiënten hun
gangbeeld goed kunnen aanpassen aan speciale omstandigheden, waarbij ze een
brede zekerheidsmarge gebruiken om het evenwicht te houden. Pas op een moeilijk
vaardigheidsnivo werd duidelijk dat ze nog meer van visuele informatie afhankelijk
zijn dan gezonde proefpersonen. Mogelijkerwijs kan de duur van de bipedale fase
gebruikt worden om minimale afwijkingen van het looppatroon vast te stellen.
Dergelijke afwijkingen zouden mogelijkerwijs met behulp van oefeningen, waar
slechts beperkte zicht toegestaan is, verbeterd kunnen worden.
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Ook de kritische kommentaren van Stan Gielen en het wegwerken van de
Germanismen, die langzaam maar zeker in mijn Nederlands zijn geslopen, hebben er
uiteindelijk toe geleid, dat dit proefschrift ook voor anderen begrijpelijk is
geworden. Stan, hartelijk bedankt. 
Het hindernis experiment bleek nogal gevoelig voor storingen. Daarom nu een lijst
van namen van personen, die mij technisch zeer geholpen hebben: Thomas Erni,
Carla Bastiaanse, Ion Papas, Peter Lutz, Reini Schreier, Peter Knap, Lars Jensen en
Lars Lünenburger. Ik dank jullie allen hartelijk, mij wegwijs gemaakt te hebben in
de ‘Kabelsalat’. De leiding van het lab, aanvankelijk Gery Colombo en nu Roland
Müller, dank ik voor het creëren van een optimale onderzoeksatmosfeer: een echte
verrijking! Ook wil ik Monica Stüssi nog danken voor het ‘triggeren’ en
‘badkuipen’. Door 20% van de tijd voor de fysiotherapie te werken, kon ik een zeer
waardevol contact met de patiënten en therapeuten behouden. Voor deze
mogelijkheid dank ik Sabine Künzer. 
Mijn speciale dank gaat uit aan Markus Wirz. De plaats ontbreekt om alles te
noemen, wat ik aan hem te danken heb. Beste Markus, merci vielmal!
Verder dank ik mijn ouders en zus voor hun steun en voor hun begrip voor de keuze
om mijn heil in Zwitserland te zoeken. Ik dank mijn vrouw Corinne voor de
emotionele ondersteuning en haar ouders, die mij hier als een zoon hebben
opgenomen. 
Als laatste, en ik hoop dat ik niet al te veel personen vergeten ben, dank ik het
Centrum voor Neurowetenschappen Zurich (ZNZ) voor haar financiële en
didaktische ondersteuning.
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Curriculum Vitae
Huub van Hedel werd geboren op 29 januari 1973 te Schaesberg, het tegenwoordige
Landgraaf, waar hij ook opgroeide. Nadat hij het atheneum op het
Bernardinuscollege in Heerlen in 1991 had afgesloten, studeerde hij fysiotherapie
aan de Hogeschool Nijmegen. Deze opleiding werd in 1995 afgesloten. Na de studie
fysiotherapie bleef hij in Nijmegen en begon hij met de studie Biomedische
Gezondheidswetenschappen aan de Katholieke Universiteit Nijmegen. Met zijn
achtergrond als fysiotherapeut was het bijna vanzelfsprekend, dat hij de
hoofdrichting bewegingswetenschappen zou volgen. In zijn afstudeerfase werkte hij
mee aan de ontwikkeling van een biomechanisch model, dat het herstel van
knieligamenten nader trachtte te onderzoeken. Dit werd uitgevoerd in samenwerking
tussen de afdeling Biomechanica en de afdeling Anatomie en Embryologie van de
Katholieke Universiteit Nijmegen. Gedurende deze 3 jaren werkte hij ook part-time
als fysiotherapeut in praktijken in Elst en Valburg (Gelderland).
Na zijn afstuderen in 1998, vertrok hij voor 6 maanden naar het buitenland, waar hij
door Nepal, Tibet en Nieuw-Zeeland fietste. Bij terugkomst werkte hij eerst nog
enige maanden als fysiotherapeut, waarna hij in augustus 1999 naar het Academisch
Ziekenhuis Balgrist in Zurich (Zwitserland) vertrok. Hier werkte hij aanvankelijk in
het dwarslesiecentrum van Prof. Dietz als fysiotherapeut en in het onderzoek. In
februari 2001 begon hij met zijn promotieonderzoek naar het leren en uitvoeren van
een locomotorische vaardigheid, namelijk over een hindernis leren stappen. De
resultaten van dit onderzoek staan beschreven in dit proefschrift. Ook probeerde hij
het fysiotherapeutisch handelen meer wetenschappelijk te onderbouwen, onder
andere door het valideren van klinisch inzetbare meetinstrumenten. Daarbij werkte
hij nog steeds 20% als fysiotherapeut met dwarslesiepatiënten.
Ofschoon het nog niet geheel duidelijk is hoe de professionele toekomst eruit ziet,
zal hij waarschijnlijk, met zijn Zwitserse vrouw Corinne, in een bergrijke omgeving
verblijven, daar mountainbiken en bergmarathons lopen niet goed mogelijk zijn in
de lage landen.      
